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THE EFFECT1S OF IONIZING RADIATIONS ON4 THE BIOCH]MISTRY
OF M4AIO&LIAN TISSUES

I. Influonce of X-Irradiiation on the Davejoýment of a

Bernard E* Hietbrink,, Marjorie Kentmiri, and
Kenneth P. Duilois

This report concerns: Results of additional experimentas undertaken
to obtain in-formation _conce~ 4iing the influence of ionizing radiations or, the
dovoloxoment of the phosphorothioate-oxidizing enzyme in the livers of younR
male rats, The influonce of 100 r and 200 r of x-ray, given at seven and
fourteen-day intervals, on the synthesis of this enzyme system vas irrreoti-
gated. Observations vare alao made on the influence of exogenous adrenal
cortical ecctract on the development of thq) drug metabolizing enzymes and
further atudies were p~rformed to ascertain the ability of 2-inorcaptoethyl'-
amine (MEA) to prevent the inhibitory effect of radiation on the synthesis
of this enzyme sys tem,

Immediate or ultimato application of the results: The present in-
vestigation constitutes a continuatio-n o tuis on the effects of ionizing
radiationt on the development of microsomal enzymos in the liver which arm
responsible for the oxidative desulfuration of phosphorothioates and which
catalyze the zetabolism of other drugs and toxic con.pounde. Durning the course
of this study we have attempted to obtain information concerning the influence
of radiation on the mechanisms responsible for tha noimal developmont of thtse
rnicrasornl enzymes in young male rats. Results of provious" studies have show~n
that single doses of 100 r or 200 r of x-iinradiation cause -abstantial inhid-
bition in the rate of development of the onzymes in young rats for approxi~-
maately four veeks following axpoouroe. The enzyme activity develops rapidly
aftar thio period and reaches normal adult levels at six weeko after 100 r or
200 r of x-ray. Data has been obtained indicating that the inhibition of the
development of tha onzyme activity may be due to damage to systems othar than
-*doae found in the liver or to the ability of shielded tissues to aupp-ly some
substance essential for development of microsorne enzymes in the liver,, It
vwas also found that the inhibition caused by 200 rn or 4OO rn of x-ray can be
significantly reducad by the adminiatration of M~~ prior to x-ray oxpounre,0
Th; present investigations, which are a continuation of these studies, show
that the administration of a second dose of 100 rn or 200 r of x-ray seven
days after the initial exposure prolongs the inhibitory effect of radiation
on the development of the microoome enzymes0 However, giving a second radi-'
ation exposure fourteen days after the first exposure does niot substantially
influence the amount of delay in enzyme synthesis.. Evidence is presented that
administration of MEPA before 500 rn of x-irradiation does not prevent the in.-.
hibitory effect on tho development of enzyme activity.. It is anticipated
that the information obtained in there experimants will provide inflormation
that will be useful in ascertaining the m~chanismns involved in the injurious
action of ionizing radiations on rammalian tissues..
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Recent studies in this laboratory indicated that sublethal doses of
x-irradiation have a marked inhibitory influence on the development of micro-
some enzymes that are necessary for the metabolism of varioua drugs and toxic
agents (1) in the livers of young male rate,, A systematic study was under-
taken to obtain information concerning the radiation-induced defect in the
synthesis of microsome enzymes° One phase of this study consisted of measure-
ments of the influence of x-ray on the development of a microsome oxidase which
catalyzes the dosulfuration of the phosphorothioate, dim.ethyl-2-(4-(ox-l,2,3-
benzotriazinyl-3-mothyl) phosphorodithioato (guthion, DBD), to its exygen am-
logueo

Results of these studies have indicated that doses of x-ray as low as
100 r (203) cause substantial reduction in 'the rate of development of the
enzyme nysten, that the inhibition ie raveraiblep and that the mizyme activity
reaches normal adult levels at five to sia: weeks after 100 r or 200 r of
x-irradiation (4). Experiments undertaken to gain information on the gross
site of radiation-induced inhibition shoved that shielding of the testes or
of tho liver area did not prevent the inhibitory effect of 200 r or 400 r of
x-ray on the activity of this enzyme (3) ý Recently it was found that the ad-
ministration of 600 r of x-ray to the liver area while shielding the remainder
of the body reduced the rate of development of the enzmes during the latter
part of the observation period (3). The present report describes results of
additional experiments on the influence of x-irradiation to the liver area on
the synthesim of this enzyme system.

Meaeurements were made of the ability of a radioprotective compound to
prevent the inhibitory effect of radiation on the development of the phosphoro-
thieate oxidizing enzymeo Administration of 200 mgp./k4_u' of MM ten Miautes
before 200 r or 400 r of x-ray reduced the degree of inhibition of enzyme
synthesis caused by x-irradiation (5), The results of further studies con-
corning- the ability of MM to reduce the radeAtion-induced synthesis of the
liver oxidave syntem are described in this report. Data concerning the influ-
once of repeated exposures of x-irradiation and daily injections of adrenal
cortex extract on the development of microsome enzyme activity are also in-
cluded in this repert.

Materials and Methods' Yoig. male Spragta-Dawley ratt wore used for
these experiments°. eanIle were housed in air•-onditioned quarters and
were given Rockland Rat Diet and water ad libitum, X-irradiation wms adminis-
tered as a single e-xposure with a G. E. T-a-r-Therapy unit employ-ing the
folloiing radiation factorat 250 KVP, 15 ao., 0.25 mme Cu and 1. r, . Al added
filtration. The target-aniral distance was 75 cm. giving a deoe rate of 34 r
to 36 r per minute as measured in air with a Victoreen ionization chamber.
For experiments on the effect of partial body shielding on the development of
the drug metabolizing enzyme system, ieanlJng rats (23 days old) were anesthe-
tized with aqueous solutiono of sodium pentobarbital (25 mgmo./kg. intraperito-
nedly) to facilitate accurate placement and maJntenaice of the lead shields
during radiation exposure. Neutral aqueous solutions of JE were freshly
prepared anrd injected intraperitoneally ten minutes before administration of
x-irradiation. Sterile solutions of Adrenal Cortex Injection UoS.P. were
given daily by the intramuscular routes
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For enzyme assays the rate were sacrificed by decapitation and the
livers were quickly removed, weighed and homogenized in cold distilled water.
Outhion was converted to its active metabolite by the method developed by
Murpby and Dujois (6) in this laboratory and by a modification of the method
used by Conney et al. (7) for other reactions catalyzed by' microsome enzymes.
The details of these modifications and the methods employed in the calculation
of the enzyme activity have been described in a previous report from this
laboratory (5).

Results

Influence of repeated doses of 100 r or 200 r of x-irradiation on the
d evelo'Men of the bpboshorothioate=oXad isng enzyMe .sstem in the livers of
youn ,rate. Previous studies in this laboratory have shown that doses of radi-
arianraniging from 100 r to 400 r cause a substantial inhibition of the develop-
ment of the enzyme system in the livers of young male rats which is responsible
for the oxidative desulfuration of phosphorothioates (2,3)° The radiation-'
induced inhibition of the development of this enzyme system is reversible and
the enzyme activity reaches normal adult levels at four to six weeks after
100 r or 200 r of x-ray (4). In order to obtain information on the influence
of repeated exposures of x-irradiation on the develonment of enzymo activity,
groups of animals which had received 100 r of x-ray at 23 days of age were
given another dose of 100 r at 30 days or 57 days of age and groups which had
been exposed to 200 r of radiation at 23 days were given 200 r at 30 days or
37 days of age. The animals were sacrificed at various intervals during the
following three weeks, a portion of the liver was removed and the activity of
the microeome enzymes was measured. The results of these measurements are
shown in Figures 1 and 2 where each point on the curves is the average of
measurements on the livers of at least four animals,

The data in Figure I show that the livers of animals which were given
100 r of x-ray at 23 days and 100 r at 37 days of age exhibited a rate of devel*p-
ment of microsome enzyme activity which was similar to that observed in the
liver of rats that had been given thle dose of radiation at 23 days of age,
however, the enzyme activity of the livers of rats which were given a second
expoeurt of 100 r at 30 days of age was substantially inhibited until the
animals reached 60 days of age. The data in Figure 2 illustrate that repeated
exposures to 200 r produce an effect similar to that shown in Figure 1. The
enzyme activity of the livers of rate which were given a second dose of 200 r
of x-ray at 37 days of age reached an adult level at approximately the same rate
as the animals which were given 200 r of x-irradiation at 23 days of age. The
administration of a second dose of 200 r of. x-ray at 30 days of age prolonged
the radiation-induced inhibition of the synthesis of the drug metabolizing enzyme
system.

Influence of 2-mercaptoethylamine on the radiation-induced inhibition
of the dvelop nt of the phospherothioate-oxidizing enzyme system in tkivers
o? youn male rate. The results of studies presented in our previous report (5)
shoved that EM mgm°/kgo.of MEA reduced the degree of inhibition of the develop-
ment of the phosphorothioate-oxidizing enzyme caused by 200 r or 400 r of
x-irradiationo It was observed that 400 r of x-ray caused a delay in the de-
velopment of ,the enzyme system in the MEA-treated rats and it appeared unlikely
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that the redioprotective activity of this aompound would be sufficient to
prevent the Inhibitory offect of higher doses of x-irradiatione. To obtain
additional Information on the ability of NU to Meauce the radiation-induced
inhibition of the development of the drug metabolizing ensymes in the liver,
23-day old male rate iere given intraperitoneal injections of 200 mgm./I•o.
of MA ten minutes before 500 r of x-irradiation. The animals were sacrificed
and a portion of the liver removed for enzyme measurements at frequent inter-
vals for a period of three weeks after x-irradiation. The results of these
measurements are presented in Figure 3 where each point on the curves for the
irradiated animals is the average of measurements on the livers of at least
four animals and each noint on the control curve in the average for 8 to 10
animals.

The data in Figure 3 show that 200 mg./11Wf of YEA given ten minute.
before 500 r failed to prevent the radiation-induc•d Inhibition of the develop-
ment of the phosphorothioate-oxidising enzyme system in the livers of young
male rats° Thus it is evident that MFA is not capable of preventing the in-
hibitory effect on the developuent of the drug metabolizing enzyme caused by
doses of x-irradiation in excess of 400 r.

In luone of tial body shiela% on the development of the phos-
phorotOa e-O S ens ete in livers of te. The
results of previous studies have shown that shielding the testes or the liver
area does not prevent the inhibitory effect of 200 r of x-irradiation on the
development of the phosphorothioate-oxidising enzyme system in the liver of
young male rate (2.3). These experiments also demonstrated that when the liver
area was exposed to 2DO r or IOO r of x-ray with the reminder of the body
shielded synthesis of the drug metabolizing enzyme sytem. in the liver was not
inhibited (3Op). More recent observations have shown that 600 r of x-ray to
the liver area caused a substantial inhibition in the rate of develoment of
the phosphorothioate-oxidizing enzymes in the liver during the 12 to 21-day
period following 600 r of x-irradiation. The present study van undertaken to
determine the influence of higher doses of x-irradiation on the development of
the ensyme activity in the liver. For these expertments 23-day old male rats
were anesthetized with 25 m•,./kgmo of &odium pentobarbital and lead shields
were placed so as to shield the entire body except the liver area. This area
was then given 600 r of x-irradiation. The animals were sacrificed at various
intervals during the following three weeks, a portion of the liver was removed
and the microsome oxidase activity was measured. The results of those measure-
ments are presented in Figure 4 where each point on the curves is the average
of measurements on the livers of at least four animals.

The influonce of 2,00 r of whole bodyx -irradiation and of 600 r of
x-ray to the liver area on the synthesis of the drug metabolizing ensyme in
the livers of male rats has been presented in previous reports and is included
in Figure 4 for purposes of comparison. The data illustrate that 800 r of
x-ray administered to the liver area, like 600 r to this area, causes a sub-
stantial inhibition in the rate of synthesis of the ensyme activity during the
12 to 21-day period following x-irradistion.

Influeonoe of da8?7 Injections of adrenal cortex extract on the radiation-
induced MbItliI of te i~~mn rM _ri~o_~a4;o~~W!s
sysem In h vere of u mie rate. Reso oo studios on tho Inhu-
swes of partial body shielding have ind•cated that shielding the liver area while
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exposing the remainder of the body to 200 r of x-ray reduced the inhibitory
effect of radiation on the Leelopent of the phoephorothioate oxidizing enzyme
(3), that shielding the testes did not affect the inhibitory action of 200 r
(2) and that 600 r and 800 r of x-ray administered to the liver area caused a
significant degree of inhibition in the synthesis of this ensyme system. In
view of these results it seemed possible that radiation damage to the adrenal
glands might play a role in the delay in the development of the drug metabolizing
enzyme. Thus studies were undertaken to obtain information concerning the in-
fluence of adrenal cortex extract on the radiation-induced inhibitory effect on
the synthesis of microsome oxidasee. For these experiments weanling rate vera
given 200 r of whole-body x-irradiation and 0.1 ml./day of adrenal cortex ex-
tract was administered intramuscularly. The animals were sacrificed at various
intervals during the following 3-week period and the microsome oxidase activity
of' the liver was measured. The results of these experiments, which are shown
in Figure 5, indicate that daily injection of adrenal cortex extract reduced
the degree of radiation-induced inhibition of the development of the phose
phorothioate-oxidizing enzyme caused by 200 r. These results provide evidence
which indicates that radiation-induced injury to the adrenal glands may be a
factor in the delayed development of enhyme activity in the livers of young
male rate. Additional studies, designed to obtain more conclusive evidence
concerning the role of adrenal cortical hormones in the synthesis of this
enzyme system are currently in progress.

Discussion

The present investigation was undertaken to obtain additional infor-
mation concerning the influence of ionizing radiations on the development of
the enzymes in the livers of young male rats which are responsible for the
metabolism of various drugs and toxic agentso The present report concerns a
study of the influence of repeated doses of 100 r or 200 r of x-irradiation at
7 days and 14 days after the initial exposure on the synthesis of the phes-
phorothioate-oxidising enzymes, a continuation of previous studies to determine
the effect of partial body shielding or pretreatment with 200 mgn,/kgm. of 4EA
on the inhibitory effect of x-ray on the microsome oxidases as well as the re-
sults of initial experiments designed to obtain information on the influence
of adrenal cortical hormones on the development of these enzymes. The results
of these studies indicated that the administration of a second dose of
x-irradiation to 30-day old rats at seven days after the initial exposure in-
creased the period required for synthesis of enzyme activity; however, when
the second dose was given l days after the first exposure the microsome oxi-
dases developed at a rate similar to animals irradiated only at 23 days of
age. It was found that the administration of 800 r of x-ray to the liver area
did not inhibit the initial development of the enzymes responsible for drug
metabolism but that the synthesis of the system was substantially inhibited
during the latter portion of the observation period. It was noted in this and
previous experiments (3.4,5) that radiation appeared to enhance the development
of the phosphorothioate-oxidizing enzymes in the liver for apnroximately 10 to
12 days following x-ray. The exact mechanism responsible for this effect is
not readily apparent, however, it seems likely that sodium pentobarbital used
to lmmobilize the animals during the shielding experimente may be causing this
initial stimulation in activity since Conney et aim (8) have shown that rela-
tively mall doses of other barbiturates oausýe mared increases in the activity
of various drug-metabolizing enzymes which.are located in the liver microsomes.
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further etudie are currently in progress to obtain information concerning
the influence of x-irradiation on the increases in phosphorothieate-oxidising
enzyme activity caused by barbiturates and other chemical compounds.

The results of preliminary studies on the influence of adrenal corti-
cal hormones on the radiation-induced inhibition of the development of the
drug metabolizing enzymes showed that daily injections of 0.1 ml. of adrenal
cortex extract reduced the degree of inhibition caused by 200 r of x-ray.
These results provide evidence that radiation-induced inhibition of the de-
velopment of aicrosome enzyme activity may be partially due to an insufficient
release of adrenal cortical hormones. Additional studies designed to provide
information on the effect of exogenous adrenal cortical hormones on develop-
ment of the phosphorothioate-oxidizing enzyme activity in partially shielded
and total body irradiated animals are currently in progress*

Su~mma ry

1o Studies were undertaken to determine the influence of repeated exposures
of 100 r or 200 r of x-irradiation on the development of the phosphoro-
thieate-oxidizing enzyme system in the livers of young male ratse It was
found that the enxyme activity of the livers of rats which were given 100 r
or 200 r of x-ray at 23 days of age and a like dose at 37 days of age
reached the normal adult level at approximately the same time as the
livers of animals which were irradiated at 23 dayso Administration of
the second d&se of 100 r or 200 r of x-ray at 30 days of age increased
the period of radiation-induced inhibition of development of enzyme ac-
tivity.

2o The injection of 200 mgm./kgmo of MEA tan minutes before 500 r of x-ray
failed to substantially reduce the radiation-induced inhibition of the
synthesis of the drug metabolizing enzyme system in the livers of young
male ratse

3. The results of experiments on the influence of partial body shielding indi-
cated that the administration of 800 r of x-irradiation to the liver area
of 23-day old rats caused a substantial inhibition in the rate of synthesis
during the 12 to 21-day period following radiation.

4. Measurements of the influence of daily intramuscular injections of adrenal
cortex extract on the radiation-induced inhibition of the development of
the phosphorothioate-oxidizing enzyme system were performed. Results of
these measurements indicated that daily injections of adrenal cortex ex-
tract reduced the degree of radiation-induced inhibition in the synthesis
of the drug metabolizing enzymes in the livers of young male ratse
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TIE EFZECTS C ICWIZINO RADXTIONS CN THE BIOCHEMISTRY
OF MAMNLIAN TISSUW

II. The Influence of Various Chemical Compouds on
on- ngesI Activities

in Certain Rat Tissues

Bernard E. Hiotbrink, Marjorie Keshmiri and
Mary E. Hayward

This reort concerns: The results of studies on the influence of
chemical compounds on the injurious effects of x-irradiation. The present
study has been concerned with the quantitative measurements of the radio-
protective activity of 2-imino-thiasolidine-4-carboxylic acid and of the
influence of oral administration of various combinations of cysteine,
2-sminoethylisothiouronium (AET) and 2-mercaptoethylamine (MEA) on the
radiation-induced changes in enzyme activity of the spleena, tkbmns glands
and wAali intestines of the rat. The results of 30-day survi-al studies on
animals treated with 2-imino-thiasolidine-4-carboxylic acid before and after
lethal doses of x-irradiation are also included°

Imsediate or ultimate anplication of the results: To obtain infor-
mation concerning the ability of various aisnical compounds and mixtures of
these agents to reduce the damaging effects of radiation on the spleens,
thymus glands and intestines of rats. Results of a previous study (1) on
the influence of oral administration of radioprotective compounds indicated
that the maxinfa protective effect of MEA by this route occurred at two hours
after administration. However, very little information is available concern-
ing the ability of radioprotective agents to prevent radiation Injury when given
orally, Data of this type would be of considerable value in determining the
practical use of chemical compounds as radioprotective agents. Recent studies
by Melville et al. (2) have shown that the oral administration of mixtures of
cysteine andfl1jprovides significant protection against the letLal effects
of x-irradiation in monkse. The current study was undertaken to determine
the radioprotective activity of 2-imino-thiasolidine-4-carboxylic acid, a
compound not previously tested for protective activity in rats, and to obtain
additional information concerning the influence of the oral administration
of mixtures of certain sulfur-containing compounds on the radiation-Induced
changes in the ensyme activities of the spleen, thymus glands and mall in-
testine. It is hoped that these studies may lead to'the formulation of a
drug treatment that will provide optimum radioprotection when given by the
oral route.

Recent studies in this laboratory (3) showed that 2-Imino-thiasolidine-
4-carbowlic acid, a minor metabolite formed in the detoxifieation of cyanide,
protected mice against the lethal effects of x-irradiation. This agent is of
particular interest because of its structural similarity to AET. In our

13



previous study (4) it was found that the intraperitoneal administration of
125 mgo/Agmo of this compound 25 minmtes before x-ray provided substantial
reduction in the biological effect of 400 r in the spleen. In view of these
results additional studies were undertaken to determine the influence of
various doses of this thiazolidine derivative on the radiation-Induced
changes in the enzyme activity of certain tissues of the rat and to ascertain
the ability of this compound to prevent mortality caused by 850 r of x-irradi-
ation. The results of these studies indicated that i.0 mgm./kgmo of the
thiazolidine derivative given 10 minutes before 400 r reduced the degree of
change in the enzyme activity of the spleens and small intestines and per-
mitted 60% survival of rate exposet; to a Jethal dose of 850 r.

Results of our recent studies (1,5) on the influence of oral adminis-
tration of various radioprotective agents on the radiation-induced changes in
the adenosine triphosphataso activity of the hematopoietic tissues and of the
cholinesterase activity of the small intestine indicated that in general the
compounds were more effective when administered intraperitoneallyo Melville
ot aeL (6) have found that the administration of a mixture of AET and cysteine
f--Ided a similar degree of radioprotection in monkeys when given by the oral
or intravenous routes0 Thus it was of interest to study the radioprotective
effetts of mixtures of sane suliar-containing agents given orally to rates
Results of this study indicated that the mixture of 1,000 mgme/kgm. of cysteine
and 600 mgmo/kg•m of AET provided substantial protection to all the tissues
studied when given orally 30 minutes before 400 r.

Materials and Methods. Adult, female SpragueoDmwley rats were used
for these exlgýriments. The animals were housed in air-conditioned quarters
at 680 to 751 F. and were given Rockland 'Rat Diet and water ad libitum,,
I-irradiation was administered as a single whole body exposure -tha GoE
Maximar Therapy unit employing the following radiation factors: 250 KVP,
15 ma., 025 mmo Cu and I mmie Al added filtration. The target-anirnsl distance
wa@ 75 em. giving a dose rate of 34 r to 36 r per minuts as measured in air
with a Victorean ionization chamber. The procedure employed for the synthesis
of 2-imino-thiazolidine-4-carboxylic acid, which was prepared in this labora-
tory, is presented in detail in a previous report (3). The other compounds
tested for rndioprotective activity were injected as neutral aqueous mixtures.
In all cases the concentrations were adjust•d to permit injections of total
volumes not exceeding 1% of the body weight0

The adenosine triphosphataso activity of the spleens and thymus glands
was measured according to the method of IAuBois and Potter (7) using Oo5% homoge-
nates of spleen and 1% homogenates of thymus glands. Assays were pefformed in
duplicate using 0,1 mrle and 0,2 ml. of each aqueous tissue homogenate. In-
organic phosphorus was determined by the method of Fiske and Subbarow (8) and
the enzyme activity was expressed as micrograms of phosphorus liberated from
adenosine triphosphate by 1 ,gm, of tinsue during a 15--minute incubation
periods The acetylcholinesterase activity of the sanall intestine was de-
termined by the manometric method of DuWois and Mangun (9). A portion of the
small intestine was freed from the mesentoric connective tissue and fat arid
longitudinally dissected to expel the contents. The tissue was washed with
distilled water, blotted with filter paper, minced and homogenized in Ringer-
bicarbonate buffer, Measuriments were conducted in duplicate using 50 mp..
of tissua per Warburg vessel. The vessels were gassed with 5% 002 and 95% N2

p.



15

for five minutes. Carbon dioxide evolution was recorded at 5-minute intervals
for a period of 30 minutes following a preliminary 10-minute equilibration.
Acetylcholtnesterase activity was expressed as microliters of CO2 evolved per
50 mgm. of tissue during a 10-minute incubation period. The degree of radio-
protection provided by the chemical compounds in the tissues studied was ex-
pressed as per cent reduction of the biologically effective radiation dose. The
data presented in this report were calculated using the dose response curves
and methods described in a previous report (1O)o

Results

The effects of 2-imino-thiasolidine-4-carboxylic acid and 2-merca to-
etV!la"lne on the changes In enzyme activities of the sleens, th gu and

and Intestines of rato three days after 400'r of x-Irradiation. Results of
periments presented in our previous report (W) illustrated that 2-imino-

thiazolidine-4-carboxylic acid, r metabolite formed during the detoxification
of cyanide, is capable of reducing the degree of radiation-induced change in
the adenosine triphoophatase activity of the spleen. These studies indicated
that the compound is relatively non-toxic to rate. Thus it was of interest to
obtain information concerning the ability of higher doses of this compound to
reduce the damaging effects of radiation in the hematopoietic tissues and in-
testines of rats. For these experiments groups each containing four rats were
given I40 mgaP/kgmo or 175 mgmo/kgmo of the thiasolidine (expressed as equiva-
lents of HCN) at 10 minutes or 25 minutes before 400 r of x-ray. Three days
later the animals were sacrificed for adenosine triphosphatase assays on the
spleena and thymus glands and for cholinesterase measurements on the small in-
testines. The results of these experiments are presented in Table 1.

The data presented in Table 1 show that l1O mno/kgmo of the thiasoli-
dine derivative given ten minutes before 400 r of x-irradiation provided a sig-
nificant reduction in the biological effect of 400 r in the spleen and small
intestine but did not benefit the thymus glands. Administration of 140 mgmo/kgm.
of the thiasolidine 25 minutes before 4OO r of x-ray caused a 29% reduction in
the effect of radiation in the spleen but did not reduce the damaging effect of
radiation in the thymus glands and intestine. Increasing the dose of the
thiasolidine to 175 mgm./lgmo failed to protect the spleen to the extent pro=
vided by the lower doses of this compound (4). No gross toxic manifestations
were observed following the injection of the thiasolidine derivative ý There-
fore, it appeared to be a suitable asent to be given in combination with other
radioprotective agents. MEA has been shown to be one of the most effective
radioprotective agents in rats and it has been found to enhance the radiopro-
tective activity of other sulfur-containing compounds. The data presented in
Table 1 indicate that the administration of 1h0 mgm./kgmo of the thiasolidine
in combination with 200 mgm./kgm. of KEA failed to protect the tissues studied
to the extent of MEA given alone.

The effects of oral administration of the combination of cteine andMEA o r o~ iris and..AZT on the oans' -i e'nsnme activitiees o-Fth f..sple.ens

ýmus glands inte Ines of rate three days after 400 r of x- raatono
Previou studies in this laboratory on the effest of oral administration of
redioprotective compounds to rate have generally indicated that most radiopro-
tective oompounds are more effective when given Intraperitoneelly (5). In this
connectiop it was found that the maximum protective effect of HRA by the oral
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route occurred at two hours after administration (1). Results of studies on
the influence of oral administration of sodinm diethyldithiocarbaate and di-
methylammonium dimethyldithiocarbamate indicated that these agents were not
capable of reducing the radiation-induced changes in adenosine triphosphatase
activity of the spleen when given by this route (5). This study showed that
the oral administration of p-aminopropiopbenone (PA"P) provided substantial
protection to the spleen and intestine, Melville (11) has recently found that
the combination of AET and cysteine, given orally, provides marked protection
against the lethal effects of x-irradiation in monkeypo Thus it was of inter-
est to determine the radioprotective activity of certain combinations of AM?,
MEA-and cysteine in ratse For these experiments groups each containing four
rats were given various mixtures of cysteine and MEA or cyvteine and AET 30
minutes before 400 r of x-irradiation. Three days later the animals were
sacrificed for adenosine triphosphatase assays on the spleens and thymus
glands and cholinesterase measurements on the intestines. The results of
these measurements are presented in Table 2.

The data presented in Table 2 indicate that oral administi'ation of
the mixture of 1,000 mp./kAo of cysteine and 200 mp./kgmo of KEA provided
substantial protection to the hemstopoietic tissues but did not benefit the
intestine when given 30 minutes before 4OO r of x-ray. Increasing the amount
of WEA in the mixture to 250 mp./kgo did not improve the radioprotective
qualities of this combination. Several dosage levels of AE? were given in
combination with 1,,000 mp./kgo of yetelaneo The most effective mixture of
these compounds tested contained 600 oo./kgo of AET. This combination pro-
vided substantial reductions in the biological effect of x-ray in all the
tissues studied.

The effect of 2-imino-thiasolidine-4-carboxylic acid on the 30!day
survival of rats aftr 650 r o toa-body x=irre•iationo Results of experi-
ments presented in Mes a our previous report t4) Indicate that in certain
instances 2-imino-thiasolidine-L-carboxylic acid provided significant re-
ductions in the biological effect of 400 r in the tissues under investigation.
In order to relate this protective effect to the ultimate survival of the
animals 1,0 mpo/kpo of the thiasolidine derivative wes given at 25 minutes
before, 10 minutes before, or 25 minutes after exposure of rate to a lethal
done of x-irradiation. The data presented in Table 3 show the effects of this
compound on the 30-day survival and median survival time of animals treated in
this manner. A dose of 850 r of x-irradiation caused 100% mortality and re-
sulted in a median survival time of nine days,

The aodinistrition of I1O mgo./kgmo of 2-imino-thiasolidire-)*-carboxylic
acid ten minutes before x-ray permitted survival of 60% of the rate given 850 r.
The injection of thiasolidine 25 minutes before x-ray was not as effective and
prevented mortality in one of the five animals given 850 r of x-irradiation.
Results of recent studies in this laboratory (3) indicate that this thiasolidine
increased the median survival time and permitted significant survival of mice
after 650 r of whole-body x-ray. Thus it was of interest to determine the
radioprotective activity of this compound when given 25 mirnutes after 850 r of
radiation8  The results of this study indicate thit the administration of 140
mp./kS. of 2-imino-thiasolidine-4-carboxylic acid 25 minutes after x-ray did
not prevent the radiation-induced mortality from 850 r and appeared to enhance
the lethal effects of x-irradiation as indicated by a reduction in the median
survival time from nine days to five days
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TABLE 3

THE EFFECT OF 2-]MINO-THIAZOLDINE4-ý.-CARBOXYLIC ACID
ON THE 30-DAY SURVIVAL OF RATS AFTER 850 r of

TOTAL-BODY X-IRRADIATION

Time of Survivors/ Median SurvivalDose in Administration Total % Timein o/kpo with Respect Animals Survival (Days)to X-ray

None 0.. 01/50 0 9

14ea 10 min. before 3/5 60 23

140a 25 min. before 1/5 20 19

140a 25 mino after 0/5 0 5

aEpressed as mgn./ko.o equivalents of HCN.
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Discussion

This investigation consisted of a continuation of experiments under-
taken to obtain information concerning the radioprotective activity of 2-itino-
thiasolidine-4-carboxylic acid injected intraperitoneafly. Studies were also
undertaken to determine the effect of the oral administration of various mix-
tures of cysteine and AET or cysteine and NFA on the radiation-induced changes
in the adenosine triphosphatase activity of the spleens and thymus glands and
in the cholinesterase activity of the small intestine of rats. The results of
these experiments showed that 140 mgm./kgm. of 2-imine-thiasolidine-4-carboxylic
acid provides substantial protection to the spleen and intestine and protected
60% of the rats against the lethal effects of 850 r of x-ray. Initial experi-
ments indicated that the administration of this thiazolidine derivative in
combination with MEA reduced the radioprotective activity of MEA in the tissues
studied,

Studies on the influence of mixtures of cysteine and AET given orally
on the radiation-induced changes in the kizyme activity of the hematopoistic
tissues and intestine of rats showed that the mixture of 1,000 mgmo/kgm. of
cysteine and 600 mm./kgmo of AET provided a substantial reduction in the bio-
logical effects of 400 r in the tissues studied. Other doses of AET ranging
fromý00 m•m/kgm0 to 700 mgm,/Icgam were administered as mixtures with 1,000
mgm./kgmo of cysteine but were less effective in preventing the changes in
enzyme activity of one or more of the tissues studied. Results of initial e-
periments on the radioprotective activity of 200 mgmo/kgm. or 250 mgmo/kgmo of
MWA given orally in combination with 1,000 mgm./kg't of cysteine indicated that
this combination is considerably morre effective when given intraperitoneallyo
Additional experiments are currently in progress to obtain further information
on the influence of oral administration of various combinations of radiopro-
tective ccmpounds,,

L, A study was conducted to determine the influence of 2-inino-thiazolidine-
4-carboxylic acid on the radiation-induced changes in the enzyme activity
of the spleens, tymus glands and intestines of rate. It was found that
administration of 140 mgmo/kgmc, of the thiazolidine (expressed as equiva-
lents of HCN) ten minutes before x-irradiation provided 19% and 16% ro-
ductions in the biological effect of 400 r in the spleene snd small in-
testines respectively. Administration of this compound 25 minutes before
radiation provided substantial protection to the spleens but did not bene-
fit the other tissues studied. Incrtasing the dose of the thiazolidine
to 175 mgm./kgm, failed to enhance the protective activity in the hemato-
poietic tissues. The combination of 140 m&p/kgmo of 2.-inino-thiazolidineo
4-oarboxylic acid and 200 mgm./kgm. of MFA did not reduce the biological
effect of x-irradiation to the extent of NFA given singly°

2. Experiments were undertaken to obtain information concerning the radiopro-
tective activity of mixtures of cysteine and MEA or cysteina and AET. t=n
administered orally. These studies indicated that mixtures of 1.000 mgm./
1cgm. of cystoine with 200 mgm. !kgm0 or 250 mgm./kgm. of MRA provided moder-
ate reductions in the biological effect of radiation in the hematopoietic
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tissues but did not benefit the intestines when given 30 minutes before
x-ray. Doses of AET ranging from 300 mgm./kgm to 700 om./kgm. were
given in combination with 1 , 0 0 0 mgmo/kgio of cysteino° The mixture con-
taining 1,000 mgm./kgmo of cyeteine and 600 mgm./kgm. of AET was the most
effective and provided reductions of 371, 22% and 25% in the biological
effects of x-irradiation in the spleens, thyme glands and intestines
respectively.

3. Results of studies on the effects of i40 W°./kpo of 2-imino-thiasolidine-
4-carboxylic acid on the 30-day survival of rats given 850 r of x-ray
showed that the administration of this agent ten minutes before radiation
permitted 60% survivalo One of the five rats given the thiazolidine de-
rivative 25 minutes befcre radiation survived the test periodo Adminis-
tration of the compound 25 minutes after 850 r of x-ray enhanced the lethal
effects of radiation as indicated by a marked reduction of the median sur-
vival time,
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THE EFECTS OF IONIZZ RADIATIONS ON THE BICCHWAISTRY
W MAMALIAN TISSUES

I1L T.fluence of X-irradiation on the Redu.taae Activity
of the Livers of Martially Hepatectomised Rats

Kenneth P. DaBoia and Bernard E. Hietbrink

This report concernsz Further measurements of the reductase activity
of the livers of normal animas and a comparison of the rate of development
of reductase activity in the livers of unirradiated and irradiated, hepatncto-
mized rats0

Immediate or ultimate application of the results: The present study
represents a continuation of studies on the effects of radiation on individual
steps of the hydrogen transport system. A number of recent previous experi-
ments in this laboratory have shown that the development of oxidative microscme
enzymes that require reduced triphosphopyridine nucleotide are inhibitd by
x-irradiation. Since the reductase activity has the same coenzyme requirement
as microsome oxidases, a study of the influence of radiation on reductase ac-
tivity offered a means of ascertaining whether the radiation-induced defect in
microsome enzyme activity occurred at a step preceding the formation of reduced
triphosphopyridine ruoleotideo Our pr'avious studies have shown that x-irradi-
ation does not inhibit the reductas. activity of the livers of young ratso
Previous studies in this laboratory demonstratid that the development of micro-
asme oxidases in the regenerating livers of hepatectomized rats is inhibited by
x-irravdiationo In the present study the influenco of x-irradiation on the de-
velopment of reductase activity in the livers of hepatectomized rats was
measured. It was anticipated that radiation would not affect the regeneration
of this system in view of the absence of an effect by radiation on the reductase
activity of the livers of young animals, The results of these experiments have
provided further evidence for a radiation sensitive step in hydrogen Iransport
system located between reduced -triphosphopyridine nucleotide, and oxidizable
substrates in the microsoAm enzyme systems of rat liver0  Thus, the findings
have provided information which localizes to some extent the radiation-sensitive
step in metabolia reactions catalyzed bW microsome enzymes. The ultimate obh
Jective of theme studies is to expand available information on the basic bio-
chemical defects produced in animal tissues by ionizing radiations0

A number of previous experiments in this laboratory have indicated
that the development of oxidative reactions catalysed by microsome enzymes is
inhibited in the livers of young, male rats0  Direct evidence for this effect
was obtained (1) by measurements of the oxidative deaulfuration of phosphoro-
thioateso The development of these enzyme systems to the normal adult level
normally occurs during the first six weeks after birth of male rats (2), Young
rats exposed to 200 r or 400 r of x-irradiation at the age of 23 days failed to
exhibit the increasa in enzyme activity that normally occurs between 23 and 45

22
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days of age (1)o Testosterone stimulates the development of this system (3)
in the livers of male rats but shielding the testes during irradiation did
not prevent the radiation-induced inhibition of the devwlopment of the enzyme
"syatem.

The inhibitory effect of radiation on oxidative microsome enzymes stimu-
lated our interest in further studios on microsome ensymes. The activity of
these enzymes is dependent upon reduced pyridine nucleotides which are gener-
ated by dehydrogenase systems, If radiation inhibits a reaction that normally
produces reduced pyridine nucleotides, all microsm enzymes dependent upon
these coenzymes should be affected* Some direct measurements of this posai'
bility were conducted in this laboratory t7 studying the glucose-6-pboaphate
dehdrogenase and 6-phosphogluconic debydrogenase activity (4.5) of the livers
of irradiated rats. Radiation did not inhibit any step in the hydrogen trans-
port system from the substrate to reduced triphosphopyridine nucleotide suf-
ficiently to account for the marked inhibition of the pbosphorothioate oxi-
dising enzyme in the livers of young ratso

In further attempts to obtain information an the site of action of
radiation on the development of liver miorosame enzymes, we investigated the
reductase activity of the livers of young, normal and irradiated rats. Prior
to the radiation experiments a detailed study was conducted (6) on the pro-
oedure for quantitative assay of reductase activity. It was found that the
method of Fouts and Brodie (7) does not satisfy the requirements for a valid
enzyme assay when applied to rat liver. In this respect the met important
factor was the conjugation of p-aminobenzoic acid formed by reduction of the
p-nitrobenzoic acid which necessitates hydrolysis of thg conjugate. After de-
velopment of a suitable reductase method it was applied to the livers of normal
adult male and femal rate and male mice. The present report contains the re-
suIts of additional measurements of the reductase activity of the livers of
adult, fenale mice and adult, male guinea pigs.

' Experiments conducted on young male rats sacrificed between the ages
of 22 and 42 days demonstrated that the enzyme activity of the liver is less
than half the adult level at 22 days of age and the activity reaches the adult
level by 35 days of age. Rats exposed to 400 r of x-ray at 23 days of age ex-
hibited no inhibition of the rate of development of reductase activity in the
liver (6).

In a previous study (8) we found that sublethal doses of radiation
inhibit the development of a microsome oxidase in the regenerating livers of
male rats after partial hepatectooy. Radiation produced an effect in hepatecto-
mized rats similar to that noted in young male ratse In view of the resistance
of reductase to inhibition by radiation in young animals it was anticipated
that the regeneration of reductase activity after hepatectomy would also be
resistant to radiation. The preliminary experiments described in this report
indicate that radiation does not affect the synthesis of this reduced triphos-
phopyridine nucleotide-linked ensymeo

Materials and Methods, Adult, Carvorth Farme (CFI) mice, young male
guinea pigs and adult, male Sprague-Dawley rats were used for these experimentsa
The animals were kept in air-conditioned rooms and were fed Rockland Rat diet
and water ad libitum. Partial hepateotomy was carried out under ether anes-
thesia.
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X-irradiation was administered as single whole body exposure with a
G.E. Maximar Therapy Unite The radiation factors were 250 KVP: 15 ma., 0.25
mm. Cu and 1 m. Al added filtration. The target-animal distance was 75 an.
and the dose rate was 35 r to 39 r per minute,

Measurement of reductase activity was made by the method developed
recently in this laboratory (6). For the-assays on mouse and guinea pig liver
three levels of tissue were used (25 gm°., 50 mgmin, and 100 mgm.). The assays
on rat liver were performed using 25 mgm. and 50 mgm. of liver.

Results

Reductase activity of the livers of normal female mice and male ea
pi. In previous studies (6) we found that there is no difference in the re-
d& nse activity of the livers of male and female rats and the enzyme activity
of the livers of male mice is essentially the same as that of rats. In the
present study assays were performed on the livers of femiale mice. To obtain
information on possible species differences, the reductase activity of the
livers of male guinea pigs was measured. ,The results of these measurements
are summarized in Table 1 where the average and range of values for groups of
four animals are presented. The values for the amount of free p-aminobenzoio
acid in the medium and the total amount after acid hydrolysis for 0.5 hours
are presentedo The hydrolyzable conjugate is presumably the acetate.

TABLE 1

REDUCTASE ACTIVIT! OF THE LIVERS OF FEMAIE MICE AND
MALE GUINEA PIGS

Roductase Activity
pgm., of p-Aminobensoic Acid/lO0 mgmiu of Tissue/Hour)

Species Sex Free Total

Average Range Average Range

mice Females 9°8 (9-3-10.2) 20o8 (18,9-22,7)

Guinea pigs Males j 4o7 (305- 5-4) 7.8 (7.1-8.6)

The results of these measurements showed that female mice exhibit some-
what lower reductase activity in the liver than males as evidenced by an average
of 28.4 unite of activity for males in our previous study (6)o As was the case
with males, a large part of the p-aminobensoic acid was in the acetylated form.
The average reductase activity of the livers of male guinea pigs was 7M8 units



which was about 3 to 4 times lover than the value for the livers of mice and
ratse Furthermore, a coparlSon of the free and total p-aidnobenzoio acid in
the mdium indicates that a smaller amount is acetylated in the case of guinea
pig liver.

These measurements demonstrated that there in a considerable species
difference in the reductase activity of the livers of guinea pigs and rats.
The relative activity of the reductase activity of the livers of various
species was not in the order which Fouts and Brodie (7) reported but these
investigators did not consider the possibility that part of the formed
p-aminobenzoic acid was acetylated in the reaction medium.

Influence of 200 r of x-irradiation on the development of reductase
activity in regenerating rat liver. In a.previous study (U) we found that the
microsome enzyme syste that catalyzes the oxidation of phosphorothioates re-
turns to a normal level of activity in about 15 days after partial hepatectomy
of rates Sublethal doses of radiation given two days after partial hepateotomy
markedly inhibited the rate of regeneration of the enzyme activity. To ascer-
tain the effect of radiation on the reductase activity of regenerating liver
a series of rats was partially hepatectomizek. Some of the animals were ex-
posed to 200 r of whole body x-irradiation at 18 hours after hepatectomyo
Groups of three normal and irradiated rats were sacrificed at intervals after
hepatectomy and the reductase activity of the liver was measured. The results
of these measurements are summarized in Table 2.

TA BLE 2

EFFECT OF X-MRRADIATION ON THE REDUCTASE ACTIVITY OF ilIE
LIVERS OF PARTIALLY HEPATECTOMIZED RATS

Reductase Activity
(jWgm p-Aminobenzoic Acid/lOO rnp.Aiour)

Days After Dose of Days After .
Hepatectomy X-ray X-ray Free Total

Average Range Average Range

S0 10o6 (10o2-10.8) 32.9 (30.7-34o3)

12 0 .. 8.9 (88-9.0) 29.7 (287?-31o7)

3 200 r 2-./A -o2 (11o1-11U4) 21.1 (18,9=22,8)

7 200 r 6 l16l (11.5-14-8) 34o0 (304,W-37.6)

10 200 r 9 7.3 . (6.6-7.6) 31.8 (28.9-35o0)
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Although some additional assays remain to be performed on unirradi-
ated animals sacrificed at shorter intervals after hepatectomy, the data in
Table 2 suggest that the reduotase activity returns to the normal level rapid-
ly after partial hopetectowo At intervals for which comparable data have
been obtained on unirradiated and irradiated hepatectomised animals there was
no difference in the reduatase activity of the livers of the two groups, Thus
it appears that radiation does not affect the regeneration of reductase ac-
tivity in the livers of hepateotomised rats in contrast to the inhibitory af-
fect on regeneration of microsome oxidase activity (8)o

In the reductase assay developed for these studies nitrogen was used
as the gas phase to prevent utilization of reduced triphosphopyridine nucleo-
tide through oxidative pathways. Since at least one oxidative reaction that
utilizes reduced triphosphopyridine nucleotide is inhibited by radiation (1),
it seemed possible that the reduced triphosphopyridine nucleotide level might
be maintae high enough even in the presence of oxygen for some reductase
activity to aocure To test this possibility assays were performed on the same
groups of animals used for the measarements sharm in Table 2 and oxygen was
used an the gas phase*

Comparison of the data in Tables 2 and 3 shows that the reductase aso
tivity was mach lower under aerobic conditions than under anaerobic conditions.
There was no increase in activity in the livers of irradiated animals. Thus,
the livers of hepatectomized rats exposed to 200 r have sufficient capacity
to oxidize triphosphopyridine nucleotide to prevent accumulation of reduced
triphosphopyridine nucleotide0

TABIE 3

HEDUCTASE ACTIVITY OF THE LIVERS OF PARTIALLY HEPATECTCHZED,
IRRADIATED AND UNIIUADIATED RATS MEASURED UNDER

AEROBIC CCDITIONS

Reductese Activity
(ýW. p-Aminobenzoic Acid/100 mago Tissue/Hour)

Days After Dose of Days After
Hepatetomy X-ray X-ray Free Total

Average Range Average Range

9 0 o*o 3.2 (2.4-30 68) .3 (4o2-4o4)

12 0 .. 2.9 (2.2-3.6) 4.7 (41I-5.2)

3 200 2-4A 3ol (2. 6 -4.o) 4.1 (3o7-4o5)

7 200 6 3.1 (2o3-4-3.) 4.6 (3o3-5-9)

10 200 9 2,7 (2.6-=2.8) 2"8 (1-9-3o0)
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Discussion

The present investigation was oonducted to obtain further information
on the reductase system of rat liver and the influence of whole body irradi-
ation on the reductase activity. Reeent experiments in this Ja boratory (6)
resulted in the development of a quantitative assay for reductase activity and
application of the method to the tissues of normal animalso The results of
assays on the livers of rats and mice demonstrated that there in no difference
in the enzyme activity of the livers of male and fenale rate and male mice. In
the present study it was found that the livers of female mice have slightly
lese activity than the livers of males and the livers of guinea pip have much
lose reductase activity than mice or rats6 Our studies demonstrated that the
reduotase activity is higher and species variations are different then was re-
ported by Fonts end Brodie (7) but Investigation of their procedure indicated
that it does not meet the requirements of a valid enzyme assay.

Our previous experiments on resactase (6) have demonstrated that this
enzyme is not affected by radiation in contrmst to the n rked inhibitory effect
of radiation on the development of a microsome oxidase (1), Other experiments
(495) showed that radiation does not appreciably affect any step in the glucose-
6-phosphate dehydrogenase system between the substrate and reduced triphospho-
pyridine nucleotideo The results obtained to date, therefore3 indicate that
radiation inhibits a iicrosome enzyme reaction between an oxidizable substrate
and reduced triphosphopyridine nucleotideo The exact nature .of this oxidative
enzymatic reaction has not beeh elucidated. Further work on the inhibitory ef-
fect of radiation on this system may aid in understanding the details of micro-
some oxidase reactions and may provide information on the exact mechanism by
which radiation. inhibits the reaction.

1. Measurements of the reductase activity of the livers of female mice indi-
cated that the enzyme activity was slightly lower than the activity of the
livers of male mice. The enzyme activity of the livers of normal male
guinea pigs was 25 % to 3 5% of the level of activity in the livers of rats
and miceo

2, The reductase activity of the livers 6f partially hepatectomised male rats
was measured on unirradiated rats and on comparable animals given 200 r
of x-irradiatiorn 18 hours after hepatectomyo No difference was observed
between the enzyme activity of the irradiated and unirradiated animals0
Conduction of the reductase assay under aerobic conditions also did not
reveal any differences between irradiated and control animals thus indi-
cating that utilization of reduced triphosphopyridine nucleotide through
oxidative reactions was not sufficiently inhibited by this dose of radi-
ation to cause aocwumlation of reduced triphosphopyridine nucleotide.
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PRAWAOIW =L AND TOIOIMOICAL COMPOUNDS AS PROICIOVE (I
THERAPEUTIC A(WTS AGAIS RADIATION INJURY IN

EXPEM)NAL ANDILS

I, The Influence of Various Chemical C ounds on Radiation

V, Piak, N. Root and J, Doul

Ths report ooternat The survival time and mortality of male OF
mice treatedith various chemical ccupoufids immediately prior to the adoinis-
tration of a lethal dome of whole-body x-irradiation.

Immediate or ultimate application,_of the results: To find chemical
compounds capable of reducing or preventing mortality in x-irradiated animals
and to elucidate some of the structure-activity relationships within groups
of related chemical protective agents. Although none of the currently avail-
able radioprotective agents provide a practical solution to the problem of
preventing acute radiation injury because of their toxicity or relative in-
effectiveness, the study of these compounds and related derivatives provides
the most logical approach to finding compounds with an improved therapeutic
index. A better understanding of the precise structural configuration(s) re-
sponsible for maximal radioprotective activity with minir•,l toxicity would also
be of considerable value in furthering our knowledge of the basic mechanisum
of radiation damage In biological systems.

During the past three months thirty-four additional chemical compounds
were evaluated for protective activity against the lethal effects of whole body
x-ray exposure in nice. In addition, two biological preparations, an extract
of high molecular weight bacterial lipopolysaccharide and a speially processed
type of chlorophyll, were administered uuder varying conditions before and after
a lethal dose of x-irradiation to ascertain whether they would exhibit radio-
protective effects. Previously (1), propylene glycol had been foimd to be pro-
tectivo when administered chronically and it war retested at this time to sub-
stantiate the results of the previous study.

Materials and Methods, Adult, male CF1 Carworth Fai%3 mice were em-
ployed fbr these studies. The compounds Vere dissolved either in water or in
propylene glycol and were administered intraperitonealy with the concentration
adjUsted so that the animals received no more than 1% of their boly weight with
each injection° Preliminary toxicity studies were carried out with each com-
pound to determine the maximin amount of each derivative which could be adminis-
tered to the mice without causing mortality due to the chemical toxicity.

At least two dosage levels of each derivative were employed for the
radiat.on studies and a minimna of ten mice were tested at each dosage level°
The compounds were administered 15 minutes prior to the x-ray exposure which
consisted of 700 r of whole-body x-irradiation given as a single exposureo
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The radiation factors were 250 KVP, 15 ma., target-skin distance 75 om.,
added filtration 0.25 m* copper plus Io40 m0 aluminumi and the dose rate was
40 r per minute as determined by means of a Viotoreen lonisation chamber in
air. Control animals were given comparable amounte of the vehicle and ir-
radiated simultaneously with the treated animalse. The mortality and the
weight lose in the control and treated mice were followed daily for 30 days
after the x-ray exposure or until all of the animals were dead, The detailed
description of the irradiation procedure, housing and handling has been in-
eluded in previous rhports (2)o

The USAF code letter designation and the source of the compounds in-
oluded in this study are listed in Table I*

TABLE 1

SOURCE AND USAF COEE NUMBER OF COMPOUNDS INCLUDED
IN THIS REPORT

USAF Source of Compound
Designation

AL Alpinapham Ltd., Zurich, Switzerland
CY Dro. E. Groth, Arrerioan Cyanamid Company, Bound Brook, New Jersey
HI Eastn Kodak Company, Rochester, New York
UI Dr. N, J. Leonard, University of Illinois, Urbana, Illinois
GE Dr. ýL Weiner, Geigy Chemical Corp., Ardsley, New York
VI Dr. Ho So Sadow, U, S. Vitamin and Pharmaceutical Corp., No Y,
HJ Drc E,. Wo Darachta, Moad Johnson Research Center, Evansville, ind,

L Dro . S, Swartz, Wlarnor-Lambort Research Inut., Morris Plaanea N4J.
PD Dr. Re D. Westland, Parke Davis and. Company, Detroit Michigmn

UCTL University of Chicago Toxicity Laboratory

ReE'ults
Prelimina to i it studies. In order to determine the maximum safe

dose for e _e radiion rt , it was necessary to obtain an approximate
LDNo for the various compounds. Accordingly, small groups of mice were injected
intraporitoneally with increasing dosage levels of each compound, and the re-
suIting mortality ýas recorded for a poriod of one week. The results of these
toxicity testa am uhown in Table 2.

Evaluation of compounds for radio pro.etive activity, Since the x-ray
dose of 700 r uZed For these studis opri 00% mortality within a period of
two weeks, a compound ia considered to exhibit significant radioprotective ac,-
tivity if it increacio the ST50 tr over five days or if it permits any of the
treated animals t, survive for 30 days after the x-ray exposure. The results
of the radiation studies may be seon in Table 2. Included are the name, niumbor
and structural fo•mulae of each of the compounds, the vehicle used for both the
toxicity and radioprotective studiesp the increase or decrease (in days) in the
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TABLE 2

ACUTE INT1APFRITONEAL TOXICITY AND RADIOMZOTECTIVE ACTIVITY
Cr VARIWOS CHFXICAL CQO!VDNW IN hAIR CF1 MICE

Toxicity Radiation Studio.
Name and Formula of

Ooupound, USAF No* and Vehicle
Used for Toxicity and Approx.' Dose Change in Mortality

Radiation Toost U)50 In In ST 0 I at 30 Days
4p./kgx0  mga./kgm. Dys After X-ray

Olutathione (glutamyl-cysteinyl-
glyine)100 + 2 90

AL-i (H20) >500 00 0

H00CJEICH C~NHCA 2HCH2C00Hhoo

Olutathione (63 57%)-aucorbate
(36-43%)

AL-2 (H20) 0 Q•

100 + 2 9/2)loo 50 + I 9/Ao

HO-C
I o

HO-C .,,1i0
I

HO-OH
HO-QH
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T&LBJ 2--Coutiftled

Toxicity Radiation Studios
Name and FormLul of _______________

Compowind, USAY No', -and Vehicle- _ ___

timed fbr Toxicity and Approx. Dome Change In Mortality
Radiation Tests LD0 In in ST~n at 30 Days

mp. kgm.mp. kgm.After X-ray

Olutathione-ancorbate (one part
glutathione to ten parts of __00 + 2 00
,itmain C) 1~00 5 10/10

AL-3 (H20)

GlJutathione ascorbate with
calcium phytate (calcitum 100 + 2 10/410
magnesitm inomitol hexca- ~ 100 50 - 2 10/10
phospha to)

AL-4h (H20)

(Carboxyinetbyl) tr~ime'thl ommonium

N-acatyl-L-oyuteinate

MJ-4 (5075,h0) (H20) -?00 1000 0 10/1.0
(qH3  5000 0 10/10

I-SCH27H - ONCH3
NHO.CCH3  C H3

CH2CCOH

6-7-Dibydro3-%etby1.=5H-imidazo

MJ-5 (6796-1) (H2o) 50 2 10/10

+1(
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TABLE 2-Continued

Toxicity Radiation Studie
Name and Formula of

CGmpound, USAF No. and Vehiole
Used for Toxicity and a Approze Dose Change in Mortality

Radiation Tests LDS 0 ion in ST In at 30 Days
up. kp.mp./gm.After X-ray

Sodium beta-smlfopropionitrile

CT-19 (n20) 500 - 1 10o1
H ,>qo1000 300 -2 20/'0

1f-C-C-CIZIN
R (Na salt)

DEC Powder No. 2
Vx-1 (H20) 50 * 3 9/o

025 + 3 1o/Ao
(A biguanide Phenformin deriva-
tive)

DEE Powder No. 4
V-2o 50-100 + 2 10/o

(H2 0) 25 + 3 10/10
(A bigusnide Phenformin deriva-
tive)

DBI Powder No. 6D

VI-3 (H20) 100-200 100 * 5 9/10
50 + 3 1o/10

(A biguanide Phenformin deriva-
tive)

DErU Powder No. 8

VI-4. (H120) 200-20D 100 + 2 10/10
20o + 1 10/10

',A biguanide Phenformin deriva-
"tive)
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TABLE 2-Continued

Toxicity Radiation Studies
Name and Formula of

Compound, USA No and Vehicle
Used for Toxicity and Approxo, Dose Change in Mortality

Radiation Tests LrO in in ST50 In at 30 Days
mpo/Iep. ripo/kgm. Dm After X-ray

DBCT Powder No,, IR
200 +÷1 31/

vi-5 (Ho20) 2003oo 100 + 2 10/o
50 <.29/10l

(A biguanide Phenformin deriva-

tive)

Phenformin H1 Noo 9111

(beta-ph�nethy~lbiguanieo) 1000 +2 i4iA
:WGO=200 50 1 10/10

vI-6 (o20) 25 + 1 1o/o

!O-o 7?'~C1

1-'(1-Pyrrolidinoceyalo_-hexyl) -

motthyl thiosulfunici acid
(Zwittarion)

Th•1 (I-179) (1120)
100-200 100 +2 51/6

P33 .CH 2 *ISSO 3  50 1 I0/10

PD-.30 (15620) 200~-300 200 0 10/10

(P2)100 + I6QA

PD-33 02ii0) 15-3 10D 1 6/6
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TABUi 2-OContimumd

T"o,.ity Radiation Studies
Name and ?ounud of

0OmlOundo USMA No. mad Vehicle
Used for Toxicity and Approx. Dosn CImng in Mortality

Radiation Tests MnI n S9 n a 0Dy
After X-ray

300 + 2
.D-35 (o20) 500 100 + 410

50 + 2 10/1

PD-37 (H20) 500-1000 300 + 4 6/1030o + 2 10/10

PD-•7 (H2o) 25-50 25 * 1 10/10
10 * 3 10/10

PD-.8 (1720) 5-10 5 1o,.1 - 1 10/10

PD-75 0 20) 000 1000 0 10/1o500 - 1 IoAzo
500 - 1 10/10

PD-76 ((Oo) 500-1000 300 - 1 10/1o
300 )1 4o/Ao

PD-77 (FO) 500-1000 300 + 21 2Aooo

300 +.2 10/1

PD-78 (PG) 300-500 300 * 2 9/10100 o 3 10/10

PD-79 (Po) 500-0Q 500 .0 10o/o
300 -1 10/10

100 - 10/10PD-8o (m) 2oo•0• -izz/
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TABLE 2-Continued

Toxicity Radiation Studies
Nime mid Formila of ____ _________

C pound, USAF go. aid Vehicle
Used for Toxicity and Approxo Dose Change in Mortality

Radiation Tests LIý;o in ini ST 0 in at 30 Days
•mp/kgm . i./kmo &0y8 After X-rqy

4D-82 (P0) 3oo-So 300 + 1 10Ao
100 2 9/Ao

5-0' 50 '0 1 10/10PD-" (120) 5.-10 25 -1 10/10

PD-98 (H20) 25-50 25 0 3 I0/102 10 -3 10/ 10o

2-4ethlb-1, 4-naphthocp~dnone
(menadione)

EK-5185 (FO) (alao B-14)

0 50o 5 -5 10/o0
25 . 2 10/10

N4,N-Dimethyl-p-phenylene-
diaminsi dibydrochloride

EK-7423 (H120)

~C~25-.50 25 + 2 10/10
10 0 10/10

~CH3

.2HCI
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TABJZ 2-4ontinued

?oM. city Radiation Studies
ESam and F~onmla of ____ _________ ____

Caomponds USA? No., and Vehicle
Used for Twoxiity and ApPrOX& Dose Change in IMortality,

Radiation Tets ft i In ST50 In Iat 30 Dsp
IZ5.'kt. n g./rgi Di" AfMter X-ray

G1610 (37981~) (H120) 300

covClXxe CR001 300O
OCcj with aHCO, 1/1

7300 omapOexe %CO 10 0 0/10

with NaECO3

200

with NaHC03  -1 0/1

cack2 pro

OB-U1 (38306) (PO)
50 - 2 10/10

N 50-100 25 - 2 10/20

2.6-bia-(dlethanolarnin)-
14,8-dipiper1.dino-pyrtm1.de~-
(5, 1-d (Pereantin)

G1-2(O 00-20 100 -1 10/10
so -1 10/10

~, t~ ,G12H2M211
0 _ _
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TABIE 2--ontinued

Radiation Studies
Name and Formula of

Coapound., USAF No. and Vehicle Treatment1
Used for Toxicity and Dose Change in Mortality

Radiation Tests In ST In at 30 Days
Su.p./kgons R After X-ray

14 days 200 + 10/lo
pre 700 2

8 days 200 3 10/10
pre 700 r

WL-1 (WXa 3148) 3 days *00 - 4 10/10
pre 700,r

An extrict of high molecular
weight bacterial lipopoly- 14 days 50 - 1 10/10
sacoharide pre 700 r

8 days
pre 700r -1 10/10

3 days 5o0 10/10pre 700 r

• Doees, concentrations and time of administration were suggested by
Dr. Swartsz
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WT of the treated mice in comparison with that of the simultaneouisly Irradi-
aMcontrols and the mortality at 30 days after the x-ray exposure.

Since glutathione has been shown to be in effective radioproteotive
agent In mice,, it was of interest to evaluate preparations which were comprised
of either glutathione alone and glutathione In various combinations with
ascorbic acid and caloium-mspesi~u pbytate. In Figure 1 it may be see that
when glutathione (AL-i) wa's administered at a dosage level of 100 mp./kpo
prior to a lethal dose of i-irradiatlon,, 10% of the mice survived for 30 days.
Lowering the done to 50 up./kgmo resulted In loss of the protective effect.
When gliatathlione was given In combination with ascorbic acid (63.57%-36-4~3%)
(AL-2),, protection was also obtained* Both dosee of AL-2 were beneficial with
10% of the mice surviving for 30 day after irradiation* The combination of
gutatbi-one end ascorbic acid In a 1:1 ratio (AL-3) showed no protection and
the addition of Cafg inositol hexaphosphat. to the combination (AL-Is) likewise
mes Ineffective.

Six bigu~tide derivatives, including JS-phenethylbiguanide (Phenformin
twdrochloride) (VI-6) were evaluated in the present studies, AU of these cam-
pounds are oral hypoglyowmio agents. Figure 2 shows the radioprotective effect
obtained when VI-l and VI-3 were adminiatered prior to a lethal dose of whole
body x-irradiation in nice. Ten per cent of the animals survived for 30 days
when 50 ugm./Icwm. of VI-l and 100 W./kgio of VI-3 respectively were used. A
lower dose of 25 in./kpa of VI-l and 50 mpm./kpo of VI-3 increased the STe.
bat did not permit any of the animals to sn-vive the 30-day post-irradiationý
priod. VI-S was administered at three dosage levels since the highest dose

(200 vm. /kgm.) was quite toxic as evidenced by the death of five of the
treated mice 4immditely following radiations Of the five animals which were
left, however, two survived for 30 days. No protection mas seen when 100 upm./
k~a of V1-5 was adi~n'nsteradj, but 50 um./kgi. of this compound did protect
(10% 30-day survival). Figure 3 shows the results obtained with these agents.

Bunte salts have been found to exhibit beneficial effects against the
lethality of whole body x-irradiation in experimental animals and compoundso of
this trpe are of interest in our program. In the present studies l-(l-pyrrcll-
dinocyclohexyl)-mefthl thiosulfuric acid 01i-1),, was administered at dosage
lovels of 100 mgm./kip. and 50 mgm./k 0 . respectively. Onl3y the higher level
was protective,, but four of the ten mice given this dose succumibed Immdiately
following the x-ray exposure. One of the four remaining mice lived for the
30-day period (Figure 3).

Since clearanee has not yet been obtained for the next group of fifteen
compounds, the names and structures of these agents are not listed. Of these
fifteen compounds,, five were radioprotective. Figures 4. 5., and 6 show the
extent of this protection graphically.

Figure 7 shows the effect of administering an extract of high molecular
weight bacterial lipopolysacoharides to mice at various times before an exposure
to a lethal dose of whole-body x-irradiatltone The doses,, concentrations and
time of administration for these studies were suggested by the supplier on the
'Oasis of previous work (3). WL-l was given at doses of 200 up. lkeu, and 50
mp./kgm. respectively 'and at 14,, 8,, a nd3 days prior to the x-ray exposure so
that the resistanoe-increasift activity of the lipopolysacharides toward leven-
enhanced peritoneal Injections in the mouse might be utilized to mintaise the
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Figure 1. Effect of glutathione (AL-I) and glutathione-ascorbate
(AL-2) on survivcv3 of nioe irradiated with 700 r of whole-body x-irradiation.
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- 1,00 rngm,-/k., VI-3
- .. - 50 m ý/kgm..G VIo3

~60

40

20

10 20 30
Days After X-ray

Figure 20 Effect of VI-1 and VI-3 on survival of mice irradiated

with 700 r of whole-body x-irradiatioen



200 mgmn/kgmn VI-5
100 m~km~VI..5

100 mpi./kgm. TI-1
'~ \ - 10 rgm,/kgmr, UI-1

-ControlOD -

60 "

40 -' -- ---- .... ....

20 I -,,

0'.
o Io20j

10 20 3
Do" After X-ray

Figure 3. Effet of VI-5 and l-(l-pyrrolidimcyc1ohezyl)-utbyl
thiosulfuric acid (UI-1) on survival of mice irradiated with 700 r of whole
body x-irradiatiom.
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so- 50 gmni /1, PD-35
- Control
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20
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Figure 4o, Effect of PD-35 on aurvival of mice irradiated with700 r of whole body x-irradiation.
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"500 m=gn/kgm PD-37
1 - 00 mzgm. /]cgru. PD-.37

S-- 500 mgm,/kgmz PD-77

80 ., , ---- 300 mgm/kgm., PD-77
-Con~trol

60--

2

10 20 30
Day After X-ray

Figure 5o Effect of PD-37 and PD-I77 on muswlval of mnice Irradi-
ated with 700 r of whole-body x-Irradiationo
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80 "D, 7.7

300 n9m./kgm, PD-82
---100 mgn/kgxn.. PD-82

6.--. Control

20

10 20 30
Days After IXray

Figure 6o Effect of PD-78 and PD-82 on survival of mice irradi-
ated with 700 r of whole-body x-irradiationo
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Figure?. Effeot of WL-1 on nurow of nice irradiated with 700 rof whole-body x-.rradiati•o



deleterious effects of radiation injury. Using these experimental conditions
no radioprotective effect was evident; in fact, the ST5 0 of the treated mice
was shortened when compared with that of the control animals, and none of the
mice survived for the 30-day post-tediation period.

ChloropIlWl (UCTL-21) extracted by a process which maintains the
natural plant pigment entities in their undenatured form was tested for
possible beneficial effects against the deleterious action of whole-body
x-irradiation. For these studies various doses of UCTL-21 were administered
intraperitoneally before and after a lethal exposure of 700 r. Figure 8 shows
the results obtained when 10 mgm./kgm.# 20 zPV./kgm. and 100 mgm./ki,. respective-
1) were given to mice which were subsequent3 x-irradiated ten minutes later.
It may be seen that in one instance 10 mga./kp of UCTL-21 protected 3WIS of
the mice for 30 days after the radiation exposure and 100 amW./kgm. of UCTL-21
protected 20% of the mice for a similar period. Figure 9 shows the results of
administering UCM-21 after radiation, both as a single dose and chronically.
An imediate post-irradiation injection of 10 mgmo/kpe allowed 10% of the
mice to live for 30 days, When 30 minutes elapsed between the x-ray exposure
and the administration of the chlorophqln, no beneficial effect was apparent,
Chronic injections of 10 ma./kAmo for five days following the x-ray resulted
in a 3O-day survival of 10% of the mice. Increasing the chronic dose to 100
mgm./kgm not only decrensed the protective effect but also shortened the
lives of the treated animals,

In a previoiu stwb (1) the control groW for a series of compounds
given chronically prior to radiation exposure consisted of ten male mice given
propylene glycol daily for four days prior to the x-ray exposure. Four of
these propylene glycol treated mice survived for 30 days after the lethal x-ray
exposure and since propylene glycol has only a very slight protective effect
when given acutely prior to x-ray exposure (10% or less for 30-day survival),
it ws of interest to confirm the apparent radioprotective effect of chronic
administration of this agent. For these studies ten male mice were given 0.5%
of their body weight of propylene glycol daily for four days and four hours
after the last injection they wore exposed to 700 r of x-irrediation. The re-
sults of these studies are shown in Figure 10 where it can be seen that the
protective effect of this treatment has been confirmed. It in planned to ex-
tend these observations and to investigate the effect of chronic administration
of other glycols on radiation lethality in mice°

2-Meroaptoethylamine (MFA) is used extensively in this and other labora-
tories as a standard radioprotective agent. Mice treated with this agent are
included in almost every series of radiation protection studies to detect vari-
ations in the quality of the animals, their poet-irradiation care and in the
various radiation factors. Over the years the NEA used for these studies has
been obtained from a variety of sources and it was of interest, therefore, to
compare samples from several of these sources for protective activity. NSA
from three sources was used for these studies in which groups of mice were
given a relatively low dose of MEA (225 mgm./k•m• intraperitoneally) prior to
the administration of 700 r of whole-body x-irradiation. The low dose of MEA
was used for these studies in the hope that any differences in protective ac-
tivity might be more evident, The first sample of MU was obtained from the
General Biochemical Company and is a part of the lot which is currently in
use for most of the programs underway in this laboratory a The second sample
is one of several obtained from the California Biochemical Corporation and was
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figure 8o Effect of chlorop1bfl (UCTL-21) on survival of mice
suboaqumntly irradiated with 700 r of whole-body x-irradiationo
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Pigure 9. Effect of chlorophyll (UCTL-21) on survival of mice

previously irradiated with 700 r of whole-body x-irradiation
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Figure 10. Effect of propylene glyeol on survival of mice irradi-
ated with 700 r of whole-body x-irradiation.



selected becaume it appeared to be slightly less soluble than most of the
other samples of this agent* The third sample wau a technical preparation of
14A obtained from Eastman Kodak Company. The results of these studies are
shown in Figure 1 where it can be seen that 60% of the mice treated with the
Goeeral Biochemical Company sample of ME& survived for 30 days after the radi-
ation exposurM whereas only 10% of the animals treated with the sample obtained
from California Bioohescal Corporation survived for a similar period. There
were no survivors in the group of mice which were treated with the same dose
of M&E obtained from Eastman Kodak. Since animals treated with each of the
three samples of KEA were irradiated simultaneously, it is unlikely that these
differences can be attributed to variation. i the radiation doseo It is also
unlikely that the differences are due to variation in the animals since the
mice were all selected from a single shipment and were housed together follow-
ing the radiation exposure. We have previously obtained protective effects
with the sonple3 of MEA obtained from California Biochemical Corporation and
Eastman Kodak when they were administered at higher dosage levels so that the
samples are not simply mislabelled. No attempt was made to purify any of the
three samples used for these tests and the results probably reflect the differ-
ences in purity between the sampleeo

The present report contains the results of toxicity and radioprotective
evaluation studies on thirty-four additional chemical compounds in male CF1 mice.
Eleven of these compounds were found to exhibit significant radioprotective ac-
tivity in that they reduced the 30-day mortality of the x-rayed mice, The most
marked effect was obtained with PD-77 which allowed 60% of the mice to survive
for 30 days after an otherwise lethal x-ray exposure. Two compounds protected
40% of the mice in a similar manner. They were VI-5, a biguanide derivative of
Phenformin, and PD-370  PD-35 protected 20% of the x-rayed animals against the
30-day mortality and & bunts salt, l-(l-pyrrolidinocyclohexyl)-methyl this-
sulfuric acid (UI-1), protected 17%. The rest of the compounds found to be ef-
fective in these tests produced a 30day survival of 10% of the mice given the
whole-body x-ray exposure of 700 r. These compounds weres glutathione prepa-
rations, AL-l and Al-2; Phenformin derivatives, VI-1 and VI-3; and PD-l78 and
PD-82.

An extract of high molecular weight bacterial lipopolyssocharides was
administered to mice at various times prior to a lethal dose of x-ray using two
different dosage levels. No protection was seen with any of the treatments used.
An extract of chlorophyll was administered acutely before and after and chroni-
cally after an otherwise lethal dose of whole-body x-irradiation. Premedication
with this material was effective in protecting 30% and 20% of the mice for 30
days when administered at dosage levels of 10 mgio/kgm. and 100 mgm./kgma re-
spectively. The post-treatment was effective when 10 mgmo/kgma was given either
immediately following the x-ray exposure or when it was given chronically.

Propylene glycol was given chronically for four days prior to 700 r of
whole body x-irradiation and found to be protective to 40% of the mice so pre-
treated.

Neroaptoethylmaine hydrochloride, obtained from three different sources,
was compared for radioprotective activityo Sixty por cent of the animals given
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the compound obtained from General Biochemical were protected against the
lethal x-ray expoLure while the compound obtained from California Biochemical
protected only 10% of the mice and the Eastman Kodak product exhibited no pro-
tective activity.
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PHARMACCLC)IC&L AND TOMICOIGICAL CPUNDBS AS PRC1ECTIVE
THEPAPEUTIC AGEITS AGAINST RADIATION INJICT INEXPEIMIL ANINAS

II° The Effects of Pro-irradiation and Poet-irradiation Adminiatration
o a e and Other op ouds on Radiation Lothality In Mioe

Jo Dilley ando, Doull

This reprt conoaerns The survival time and mortality in male and fe-
male UP1 mice treat h varying doses of cyanide prior to whole-body x-ray
exposure and the therapeutic effectiveness of cyanide. 2-imino-thiasolidine-
4-oarboxylic acid, 1-cystine, I-eysteine, potassium chloride and 2,2'-dithio-
bis (ethylamine) given 30 minutes after lethal whole-body x.-ray exposure in
mice.

Imediate or ultimate application of the results: To obtain infor-
mation concerning the mechanismsks) responsible for the radioprotective effects
of cyanide mad related compounds and, as a result, to obtain a better under-
standing of the biological effects of ionizing radiations. These studies con-
stituto a part of a program designed to obtain information concerning both the
toxic and protective effects of the currently available radioprotective agents.
This type of information is essential for the evaluation of the potential use-
fulness of these agents and for the development of new agents or combinations
of agents*

Tn previous studies (1,2) we have demonstrated that cyanide will pro-
tect mice against lethal doses of whole-boo x-irradiation when given at dosage
levels approaching the maximum tolerated dome immediately prior to the radiation
exposure. In these studies it was also observed that a natural metabolite of
cyanide (2-imino-thiasolidine-1-oarboxylic acid) appeared to exhibit therapeutic
effects against radiation lethality when it was given 30 minutes after radiation
exposure. These observations have been extended and a variety of other possible
metabolites and unreacted products have been tested for therapeutic activity
against radiation lethality in mice and the results are presented in this re-
port.

Materials and Methods. Adult, male Carworth Farms CF 1 mice weighing be-
tween 20 and 4o gram and adult, female Carworth Fame C07I mice weighing between
20 and 25 grams were used for these studies. The control and experimental
animals were selected from single shipments, housed in groups of not more than
ton animals per cage iw an air-conditioned room (780 to 850 F.) and fed and
watered ad libitum. Aqueous solutions of the compounds were freshly :prepared
just prior to use and were injected intraperitoneally in a volume which did not
exceed 1% of the body weight.



55
The x-rq exposures were given by means of a Keolet X-ray Therapy unit

operated at 250 KVP and 15 mo with 10 mm. of aluminum, O025 mo of oopper and
1.0 o. of lucite added filtration, The does rate was deteramvIed prior to each
exposure by means of a 250 r Victoreen Zonization Thimble in air. All of these
studies were carried out at a dose rate of about 235 r per minute to insure that
the Irradiation period would be as short as possible. Coth the control and the
treated animals were irradiated simultaneously and the weight and mortality
within each group was followed for 30 days or until the death of all of the mice
in each group had occurred.

Results

Determination of the optimal dosage level of cyanide for maximal radio-
protecti7ve effects in male and female mice. In previous studies (2) it was ob.
served that an inereased radioprotective effect (greater number of 30-daY sur-
vivors) was obtained when the dosage level of cyanide (as WDN) was Increased
from 2,0 to 2.25 mpo/kgm. It was of interest, therefore, to determine whether
the protective effect of this agent could be further increased if the dosage
level was increased to near the LDfO level for oyanide. For these experiments
groups of ten animals were injected with 2.25, 2.A0 or 2.75 mp./kgno of cyanide
(as HCN) four minute. prior to the administration of various doses of whole-body
x-irradiation. The control animals for these studies were given comparable
amounts of the vehicle (water). Potassium cyanide (,allinkrodt, 96%) wa used
for these studies and the agent was given intraperitoneally in a volume equal
to 1% or less of the body weight. The results of these studies are shown in
Figures 1 through 8. The effect of the various dosee of cyanide on the our-
vival of x-irradiated female mice are summarised in Figures 1 through 4 and
the results of similar studies in male mice are shown in Figures 5 through 8.
It can be seen in Figures 2, 3, and 4 that the greatest number of animals our-
viviag the lethal x-ray exposures were seen following the administration of
2.25 m•p./kp.a of cyanide. At this dosage level 7TO of the animals expoeed to
900 r survived for 30 days after the x-ray exposure whereas only 25% of the
mice given 2,5 mpi./kIm• of cyanide survived for a similar period. The female
mice treated with 2.75 mg-./k.mo of cyanide prior to the 900 r x-ray exposure
exhibited a 30-day survival of only 12.5%. In contrast to these resultsj, the
maximum radioprotective effect in male CF1 mice exposed to lethal doses of
whole-body x-irradiation occurred when th cyanide was given at a dosage level
of 2.5 mp./kgm. In the mice given 950 r of whole-body x-irradiation., there
was a 30-day survival of 40% in the group protected with 2.50 mgm./kAm. of
cyanide whereas the administration of 2.25'or 2.7 mup./kpco of cyinide pro-
duced 30-day survivals of only 20% and 0% respectively. Although the differ-
ences in optimal dosage level for the male and female animeals are not marked,
it appears from these studies that the optimal radioprotective dosage level
of cyanide is somewhat greater in male than in female mice. We have previously
shown that the approximate. LDq for cyanide in male and female mice is about
3o45 mP./kP., (as HON) and tht there is little difference in the toxicity of
"this agent to male and female CF1 mice. It is evident from the present studies
that the radioprotective effect of cyanide is not directly proportional to the
administered dose of cyanide when doses near the LD• are employed. None of
the animals given the cyanide in the present studie-died as a result of cyanide
toxicity.
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Btaainatien of the sural data for the male and femala ode given

the optimal dosage levels of cyanide in the present studies suggests that the
apprimut.Uk•Uv(O0 days) for whole-bo)d x-ray exposure in these animals in
shest 950 re nvm other studies omnducted.with similar groups of animal the
_)50 (O0 day#) for untreated C aim is betmeen 4 rand00 r. It is esi-
dent, therefore, that the does reduction factor (my) for oyanide under optimal
condities an~roaohes 2 in C01 nice and that its effectiveness thus is epara-
ble with that of the best dhmioal radioprotective agaents now available.

The effset of m irradiatio administration of 2-ino-thiasolldine-

X-rmg mice. Sume z-1mnu-t1ZdasocHWo-*Z-aFGW sold has been 8houi (3)
t to a natural metabolite of cyanide, it me of interest to investigate this
compound for radloprotective activity. In previous studios (1) we found that
the pre-irradiation administration of the thiasolidine derivative at a dosage
level equivalent to about 50 um./kp. of cyanide increased the 30-day survival
of x-rayed mice from 0% to as mch as 60%. The optimal time for advinistering
the thiasolidine derivative me found to bi 30 minutes prior to the radiation
exrouure, During these studies it also beams apparent that this compound ex-
hibited the unique capability of protecting mice againt the lethal effects of
radiation expoare when it s given after the exposre was completed. &Ozse-
quent studies (2) demonstrated that the interval between the mnd of the radiation
expowure and the administration of the thisolidine mixture was fairly critical
in that protective effects were Fximm at 30 minutes and decreased sharply when
the derivative was dven at either 1 or 60 minutes after the radiation uas ad-

lizistored. The ability of this compound to reduce radiation lethality wen
given port-irradiation has been investigated further in fenale animals and also
in male maee in the present study. Sinme the thiasolidine compound has not as
yet been isolated and purified, the possibility cannot be excluded that the pro-
tective effects obtained with the impure material used were due in part to us-
combined reactants or to the formation of 6ther products. To investigate this
possibility we have administered comparable amounts of cyanide, cy.tine, po-
tasslim chloride mnd cysteine to x-irrsdiated mice at various interval. follow-
ing the radiation exposure. Similar studies have also been carried out with the
dimer of msrcaptoetWlamin because of its structural similarity to both the
reactants and products Involved.

The effect of 2-1minc-thia•elidins-I-carboxylio acid given 30 minutes
after radiation exposure on the survival time and mortality of x-rayed female
and male C? 1 mice is hown in Figures 9 through 12 For these studies the
2-ainno-thiasolidines--carboxylic acid us prepared as described previously
(1,02) and was given at a dosage level of 750 ap./kgm. (assuming a ecmplete
reaction between cyanide and cystine in a 1 to 2 molar ratio) intraperitoneally.
Male or female mice (16 animals per group),were exposed to each of the various
radiation dosage levels and 30 minutes later half of the animls were Injected
with the thiasolidine mixture and the remaining mice given comparable amoumts of
water. The results obtained with the fesalemice are shown in Figures 9 and 10.
and those for the male nice are shown in Figures U and 12. Although the
thiamolidine mixture is not as protective when given after the x-ray eosure
a *so give prior to the irradiation, there was a significant therapeutic of-
feet in the groups of apimal. given each of the radiatien dosalp lovevs in the
range of S0 r through 700 r. It is widmý f4m tltese studies that the post-
irradiation admiaistra0cn ot the thaslidlae mixture increased the lUOS for
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x-rasd tomalo nice from loe thmn 500 r to about 600 r giving a does reduction
factor of over 142. In the male mice given the thiasolidine mixtures the pro-
tective effects were lose evident (Figues U nd 12)o Although the umber of
30-day survivors was increased by about 20% in the group of animals giwn 500 r
amd ubsequently treated with the thiasolidizie mixtore, little or no protection
wam observed In the animals exposed to the higher radiation dmose. The males
used for these studies wore large (over 25 pums) and very lke1 y developed
sows anoxe during the x-ray exposure because of the confinement. Additional
studies ar e in progress using smaller mlse -mice and a wider epectrum of radi-
ation dosag levels.

In previous studios In which cyanide has boon used to protect mioc
against radiation lethality, it has been observed that when the x-ray posure
is given rapidlq (600 r per minute) the syqMtms of anoxia (csnosis, respira-
tory depression) do not reach maxisnm until after the x-ray exposure is over.
It was of interest, therefore, to investigate the effect of cyanide given at
various intervals after the radiation exposure. Oroups of eight female mice
were used for these studies In which 2. 5 o/kp . of oranide ws administered
at 1, 10, 20, 30, 40j 50,0 or 60 minute after an x-ray exposure of 700 r. Two
additional gro of mice were given the sme dose of x-ray. One of the" was
given water rather than the cyanide and served as the control group and the
second group was given the cyanide treatment at four mitutes prior to the x-ray
exposure to insure that the cyanide dosage leval used In these animals was pro-
tective. The results of these studies are suarised in Figure 13. The only
group of nice which exhibited 30-day survivors whan the cynde was given after
the x-ray exposure was the group treated at 30 minutes after irradiation. When
the cyanide was given prior to the x-ray expoeure, all of the mlc survived the
x-ray exposure. Several of the groups which ware treated at other Intervals
after the x-ray agwoure xibited some proleogation of the mdim survival time
bat this was rather variable and did not appear to be related to the time of
adinistration.

In an effort to determine whether post-irradiation therapeutic effects
night be obtained with any of the other reactants or products of the thiasoli-
dine mixture, grous of eight male alic were given l-cyutin o (560mp .),
l-eytoone bydrochloride (280 mp./Iq6.), potassi•m chloride (370 mp./kip.),
or 2.2' -dithIo-b1s(et1lWno amine) ditidrocahloride (300 qp./kgp) at 30 minutes
following the administration of x-ray dose of 500 r through 700 r. The results
of thes studise am shown in Figure• s 4 through 17. Sice thse studis were
carried out at the-same time as those previouly described for the thiasolidine
mixturos, the control animals for the thissolidine groups were not repeatod. It
can be seen that none of the agents Included In thes teots exhibited significant
therapsuti effects against radiation lethality in 3ole CY1 nice under the on-
diti•ns of the present studies.

Discussion

The results of the studies reported hera concerning the optimal dos of
Wanide that affords protection at higher doess of x-ray to of interest in regard
to the possble meohanisms of cyanide protection. The protective effect of cyapide
*a frpquently considered to be duo to the encod which it produces. If this were
on sole mucha!3 of protection than it wcold sep reasonable to expect that the
greater the dose of qnide to greater would be the protection af Orded.
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Ultimately then, ono mghvtll axpect a misdmm lethal dose of., e~snide to be
equally as protect4ve, ýagaast the lethl effect, of irrdiation as Is the mod-
n-n tolerable msent of -niesa aums oeoevwep in the present oipwiinte it

-ee that Use optimal dese of. -syids, I& smod"ha balw the mWOM let~. done.
and fWtbsemere that the peetoottve effects are at lest at mb r dom e.It is not unlitluy that ousesoive msnm of cyanided be detrimental. tO
experimental unimals and this has# in fat, boa m.sggested by Van Der Near et
al. (i,) as a result of their studis In vit. oweevors tu frther neWoed
Wt the protective mechanim ws Wwo auwda present Immdiately after
the irradiation period. Vs bhve not been abMl to dio this In mie which were
Injected Immediately after the sipose to 700 r of whol4e3o4 zonye ftrtbor
studios are planned to see itf we can demonestrat my protection by producing
anoxia in amc just at the end of their exposure to lethal doses of x-irrndi-
atlon.

The results of the present stilles support, our previous finding (1)
that cyanide my offer some protection when adinsl•tored to mice at an Interval
of 30 mintes after exposure to lethal dose of thole-body x-ray. In a previous
report (2) we presented evidmece that 2-taino-thiasolidine-4-arboxyic acid was
also effective when given 30 minutes after whoe-body x-rea, and the studios
presented In this report support this finding. It would seem then# that this
ts an effect which occurs at a rather specific time ,in the sequence of events
following Irradiation exposure which leads to the demise of the animal. This
crttiical time period night w411 be responsible for muoh of the difficulty that
others have experienced (6) in an effort to find therapeutic agents against
lethal doses of radiation.

The possibility exists that the therapeutic protection obtained thus
far is wostly of a palliative nature* Nowever, the protection obtained with
cyanide and 2-taino-'thlsolidineul-oarb~oxlo acid would seen to be more ohemi-
cal than biological since the time interval between irradiation and injection
of the compound is so specific. Furthermores by waiting for an additional 30
minutes all of the protective effects are lost. These finding suggest that it
might be of value to Investigate those onsyne grstems which are responsive to
the presence of cyanide or involved in Its detoxification. At present we are
conduoting studies an the tranmsulfurase onepme system, which is Involved in
the major detoxification of cyanideo It sight also be of particular interest
to again investigate those area in the electron transport chain Aich are
particularly sensitive to qyanide inhibition, mnd experinents are now planned
which should enable us to do this.

In the preparation of the 2.•ino-thiaolidie-4-carboxrlio maid for
thens studies the compound was not purified before use. Therefore$ other con-
pounds were no doubt present in the injeoted solution. It is for this reason
that we included eoveral of then other compounds in the present test. In the
original studies of this reaction Sohoberl and Hom (5) obtained a 35% yield of
the calculated amount if the reaction were 100% complete. Later studies by
Wood and Cooley (3) resulted In 66% yield but with a contamination by the
formation of some oysteine and in acid solution the formation of oysteine
hkdantoin. While our principal contaminants were probably cystine and oysteine
we have nov proceeded with the purification of the compound in order to verify
that this Is the active agent. Firoin the results which we obtained with ecetine,
cytotneo and K01 it seems highly unlikely that they contributed anything to
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the surviv•l of the poet-proteoted animals* WhIle there say be some post,-
prote•tion afforded by quaide it is not likey that there was a sufficent
qmuotity prscat becanie of the reduoton in toxicity of the mixtwe. The
!U dlmr vwa Ineladed in this set of umperament. to see it the presenoe of
a dimulfide would demonstrate amW protection under thes upern&l eOm-
ditlons, 1fther studis are planed or are in proress In an effort to do.
teil the smetive site(@) where thet om dlae vay be aeting to prodmeo
this tbersaeatio effect.

1. An optiml dose of potaselm ,anlde equal to 2.25 .pm./kp. of R( and
2.50 u./kom. as RM has bees found to afford mazium protection against
higber doses of x-ray in faule and male OF mice respeotive•y. Hflier
but non-lethl domes seined to cause diLn on of the protetive effect,

2. An =uW Ifd mixture of 2-imnir-thiasoidims-4--oarboxylo acid his bees
e3mm to protect fawle CY mice amtint le~tl dosee of zholeebod -ray
mad the apparent does redeitSo. factor ts bo* t 1.2 based on these et.dis.
further stude s we in progress in an effort to detetmine the meobhumi(s)
rempmlsible for the effeot.
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PHAJ4ACOLCOICAL AND TOXICOIWOIC.AL CW.ONDS AS PROTECTIVE ON
"WNAPEUTIC AGENTS AGAINST RADIATION INJURY IN

EXPERIKENTAL ANIA L5

IIMe The Effect of Chemical Protection on Life-Span Shortening
in I-Irradiated Nice

J. Dm11l, V. Flaak and Ja Coavn

SThis report soneer.a Life-span shortening and other delayed effects
in female CF1 nie given various chemical radioprotective agents prior to
acute whole-Eody x-ray exposures of 4O0 r, 600 r, and 800 rr

Mmediate or ultimate application of the resultes Information is
needed regarding the effects of chemical radioproteetive agent. on the de-
layed sequelae of acute radiation exposure, Since different radioprotective
agent. exhibit significant variation in their ability to prevent the various
phases of the acute radiation syndrome, it is likely that they also exhibit
differences in their ability to prevent the various delayed effects of such
eposure A better understanding of the capability of each agent to protect
against both the acute and delayed aspects of radiation Injury should be of
value in the selection of agents for further investigation and should con-
tribute substantially to progress in elucidating the mechaniesms responsible
for these effects.

Virtually all of the extensive effort which has been devoted to the
development of chemical radioprotective agents during the last decade has been
concerned with preventing radiation injury during the Immediate post-irradiation
period, From these studies it is now apparent that there are both qualitative
and quantitative differences in the response of the various mammalian systems
in animals given radioprotective agents. Although these differences may be
due in part to variation in the penetrability of the agents into radiosensltive
sites, it seems likely that these differences are more closely correlated with
the variations in the mode of action of the specific radioprotective agents.
The investigation of the ability of various radioprotective agents to reduce
radiation injury to divere mammalian systems is of value, therefore, in de-
termining not only how these systems contribute to the radiation syndrome but
also why some radioprotective agents are more effective than others against
specific radiation dosage levels, Serotonin (5-HT) and mereaptoethylsmine
(ME), for example, are both capable of markedly reducing radiation lethality
in x-rayed mice =d both minimise radiation injury in the hematopoietic system
of such animals, 5-HT is far less effective than NEA, however, in preventing
radiation injury to the gastrointestinal tract and its ability to reduce radi-
ation laethality in mice given supralethal doses of radiation is, therefore,
less then that of MEA. Similar differences exist in the ability of the chemi-
cal radioprotective agents to prevent oral radiation death or injury to the
central nerous system. Less is known about the ability of the chemical
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radiopretective agents to prevent the delayed or late effects of acute radi-
ation exposure. Such agents have been reported to protect against radiation-
induced cataractogenesis (1) and graying of heir (2) but not against the
genetic effects, neoplasia and premature aging from such exposures (3-6).
The present studies were carried out in an effort to obtain more detmiled
information concerning the ability of the chemiial radioprotecive agents to
prevent the delayed effects of acute x-ray exposure. Groups of female mice
have been given radioprotective agents at dosage levels adequate to markedly
reduce acute radiation lethality and the mortality of these mice was followed
during a period of about one year after radiation exposures of 400 r through
800 r. Many of the animals which died during the course of these studies
have been autopeied and the tissues prepared for histological examination,
In addition mice from each of the groups have been sacrificed at various
intervala following the x-ray exposures in order that information concerning
the time of onset of the various lesions tight be obtained. The present re-
port contains the results of the mortality observations made during the first
year after the x-ray exposure and the gross and microscopic patholoq for them
mice will be reported subsequently.

Materials and Methods. Adult, female Carvorth Farm@ CF'1 mice between
9 and 15 weeks of a we were used for these studies. The animals were randomised
and then divided into five groups each of which contained four sub-groups of
32 mice. Four of the five groups were givm one of the radioprotective afents
and the fifth group (radiation controls) was given comparable amounts of water
and irrmdiated simultaneously with the protected animals. The x-ray eposurea
were given 15 minutes after the administration of the protective agents and
each of the sub-groups received 0 r (drug controls), 400 r, 600 r, or 800 r of
whole-body x-irradiation, The radiation dose in the non-protected groups
given 600 r and 800 r was fractionated (200 r every other day) to avoid ex-
cossive mortality. The mortality in each'group was observed daily during the
first 30 days after the x-ray exposures and at weekly intervals thereafter.
The animals were housed in stoinlese steel cages and raised wire screen floors
(eight per cage) in an air-conditioned room (800 Fo t 3 0 P.) and were provided
with food (Rockland House Peod) and water ad libitm..

The following radioprotective agents were included in these studiess
2-mercaptoetbylimine hydrochloride (CB4-&41l, ,KA), p-aminopropiophenone (UCTL-
1856, PAPP), serotonin creatinine sulfate (CB-32, 5-HT), and 2-mainoethyliso-
thiourea diohloride (B-53, AET). All of the compmomds were dissolved in water
except for PAPP which was dissolved in 50% propylene glycol, The injection
solutions were prepared freshly and the ooncentration was adjusted so that the
mice received not more than 1% of their body weight with each intraperitonseal
injection. The dosage levels used for these studies are shown in Table 1.

The x-ray exposures were given by aeans of a Go E. Maximar K-ray unit
operated at 250 KVP and 15 ma. with 0.25 m. sopper and 1O0 mm. aluminum added
filtration (HVL - 1.01 no. copper). The dose rate was determined at the be-
ginning and end of each radiation exposure by means of a Victoreen lonization
Chamber which was placed in an empty mouse holder located in an anpropriate
position. In addition the dose rate was monitored during the radiation ex-
p0sure by means of a Victoreen Roentgen Ratemeter (Model 510) provided with a
median energy probe assembly (Model 601). The control and protected animals
were irradiated together in groups of 16 mice contained in individual lucite
tubes (50 cc. centrifuge tubes provided with numerous air-holes) which ware
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placed perpendicularly to the central axis of the x-ray beam on a rotating
turntable. The environmental temperature of the mice was thermostatically
controlled during the x-rq exposures (80 OF. t 20 F.).

TABLE 1

NUMBER OF MIME AND DOSAGE LEVELS OP RADIOPROTFCTIVE
AGENTS EMP10E

Number of Mice Surviving at 30 Day
After Exposure

Group Protective Agent ..
No. and Dosage Level

(D Or 4 r 60r l r 8 00rSControls)

1 2-Meroaptoethylamine 32/32 29/29 31/32 26/30
l~droohloride
300 mpo/kpo IP

2 p-Aminopropiophenone 31/32 31/32 30/30 29/32
30 m•./ka.o IP

3 Serotonin creatinine 32/32 32/32 32/32 23/32
sulfate complex
90 mgmA./c IP

4 2-Aminoethyllso- 32/32 32/32 30/32 27/32
thiourea dichlooride
200 mp./kp0. IP

5 Radiation controls 32/32 30/32 30/38 2!2
(vehicle only)

Results

Life-e] shor-tening In fem~ale q.Fjmice surviving the acute (30.-dA,)
effects or Iho1e-bogy X-ray Masure, Me oralY In the groups or mice ex-
posed to 400 r. OW r, and am r of x-irradiation has now been followed for a
period of over 60 weeks and the results of these observations are smmarized
in Figure 1. Since the present studies are concerned only with the effect of
the chmical protectors on life-span shortening, the per cent mortality in each
group hen been computed on the basis of the number of mice which were surviving
at the end of the first 30-day period after the x-ray exposure. It can be seen
in Table I that there was an appreciable mortality in the non-protected groups
of mice givsh 600 r and 800 r even though the x-ray dose was fractionated and
administered over a Deriod of about a weeko Thus the two highest dosage level
groups of the non-protected mice represent a selected population and this to
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also true to a lesser extent for acme of the protected groups of animals.The mortalitt data shown In Figure 1 covers only the period from 20 to 60weeks after the x-ray exposur% since this period Included the median survivaltime for all of the groups for uhich we have sufficient data at the presenttime. It can be seenin Figure l that the median survival time (ST ) for

the cnrlgop(mpostd o SuunroAgrou •.u-pr~ecconon-irradiated) was about 50 weeke~ichtwould correspond to about 62 weeks as the actual average age of the nice at
the time Ame 50%• of the group bad died. The age corrected median survivaltimes for the nice exposed to 400 ri, 600 r. and 800 r were found to be about
52# 45j, and 36 weeks respectively. Thus the life-span shortening for thenon-protected nice given 4W ra 600 r. sad 800 r would be approximately 16%v28% and 42% respectively. It would appear, therefore, that the life ex-Peotancy of these animals hbe been decreased by about 5% for each 100 r ofx-Irradiation which they received,

Effect of serotonin creatinine sulfate (5-W?) on the life-shurtmeni effect of acut oe- x-wl
The morta ty l or the groups@o e v-rwhic erh w re ted w -i t priorto the x-ray exposure@ is shown in Figure 2. The control group of mice shownin this figure were given 5-HT but were not irradiated. It to evident thatthe median survival time of the mice treated with the 5-H? is prolonged sig-nificantly over that or unirradiated, non-treated control ails(age cor-rectedST of 72 weeks as compared with the previous value of 62 weeks). Theoorrecte % 0 valuesw for the mice given 5-•-r prior to the adniniatration of
ly. If the life-span shortening is computed on the basis of the ST, of the5-41 treated control group, nme obtains vluee of about 17%, 22%9 aIW 39% forthe groups of mice exposed to x-ray doses of o00 r, 600 r, and 800 r respect-ively. Calculation of the life-span shortening in terms of the STo of thenon-protected control group of mice, however reduces the values tW about 3A,10%. end 29% for the x-ray dosage levels of W•0 r, 60W r, and 800 r respect-
ively.

Effect of p- rinopriophenone (PAPP on the life-spn shorte-n ef-
8hon Uthenov Ity data for the mice which were gi,'ven -30 '-g-./A-- Of POP
prior to the x-ray exposures. The drug control group (A only) exhibited anincreased median survival time when compared to that of the non-treated controls.The age corrected median survival time for the group of mice which were giventhe PAP treatment prior to an x-ray exposure of 400 r was 58 weeks and theorresponding values for the mice exposed to x-ray doses of 600 r and 8CO rareb 6 and 4 weeks respectively. Comparison of the survival time of thesegroups with that of the untreated control group gives life-span shortening
values of 6%, 26f, and 29% for the 400 r, .60r, and 800 r groups. Comparisonof these values with the FIR control group (age corrected median survival timeof 73 weeks) results in life-span shortening values of 20%,, 37%, nd 4O% forthe three x-ray exposures.

Affect of 2-aminoethyliso thiourea dichiorid J AM) on the 'life-ashortemin-Mez-ot eo . ~l-or x posur ,,,,n• fon-dl-e,. •-
mortality dalta~o~l IIr"o or mice treated with AET prior to th X-.ray GNC-
posures is shown i Fiure .n0 The age corrected median survival time for thenon-irradiated mice given the AET was estimated to be about 78 weeks end thatfor the animals given the AST prior to the x-ray exposures was 59,, 48, and 36
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weeks for the group exposed to 400 r. 600 r, and 800 r reepectively, The
life-span shortening in these animals wes about 5%, 23%A and 42% when com-
pared to the suvival time of the non-irradiated untreated controls and about
244 37%. and !&% when compared to the ST of the LET-treated control groups

Effect of 2,mrca toot ltne rochioride an
sho !Mefc r ct hlebg!,oo aa

ce the mortality anfor theentatl groups( On as entet reache 5.
Since the mortality in the control group (MA only) has not yet reached 30%,t
is todnot possible to estimate the median survival time for these mice but it
to evident from the results obtained thus far that the vawho will probably be
greater than 80 weeks (corrected for aee). The mice which were given MEA prior
to the r400 r x-ray exposure exhibited as age corrected median survival tiae of
about 53 weeks and the group of animals which received 800 r of x-irradiatis
following the ME& treatment had a median survival tin of about 38 weeksi The
value for the group of mice exposed to 600 r has not been included in Figure 3
since several of these animals died during the early part of the observation
period and it will be necessary to repeat the studies at this dosage level.
From these studies the life-opan shortening in the mice exposed to the x-ray
dosage levels of 4&00 r and 800 r was Wla and 399% on the basis of the untreated
control group.

Discussion

The evaluation of radioprotective agents in terms of their ability to
reduce the effective radiation dose is meaningful only when it is recognised
that such dose reduction factors (iRF's) are both time and dose dependent.
The MRY value for radioprotective chemicals is most frequently determined by
the ability of the agent to increase the 30-day LD value In animals exposed
to whole-body x-ray doses in the range of 400 r through about 1,400 r. Sinme
the major case of radiation death in this dosage range and time period is
hmatopoietio injury, computation of the URY on the basis of the 30-day mor-
tality data provides a value which reflects primarily the ability of the pro-
tective agent to prevent injury to the hematopoietic tissues. Previous studies
in this laboratory (7) have shown that the determination of the DF for
serotonin at six days after radiation was about 1.1 whereas the name animals
exhibit a W value of about 1.8 when the computations are based on the mor-
tality data 30 days after the x-ray exposure. Thus by computing the MRY values
for a specific protector at various intervals following the radiation exposure,
one can obtain information concerning the ability of the protector to decrease
damage in the tissue or systen which is contributing aest heavily to mortality
during each interval following the radiation exposure. In attempting to de-
termine whether the chemical radioproteotive a.•ents are as effective in pro-
venting the delayed effects of radiation exposure as they are against the acute
radiation sequela•, it would be useful to be able to compare MRI values for the
two situations. While the range of x-ray dosage levels used for the present
studies is inadequate for this type of approach# it is possible to obtain an
indication of'the effects of the agents by comparing the lifo-span shortening
in the protected and non-protected groups of mice.

In Figure 6, the life-span shortening data from the non-protected groups
of mice has been expressed in terms of the x-ray dose, Although the results
obtained in the preeent study suggest that there is a threshold at about 150 r,



86

I I'I

466
'4.

.V4



80

~20

i. 10/
0 A

200 ,400 6 Boo
Acute X-ray Do# in Roentgena

aFigus 6o Lifo-span ahortening in 0?1 fmnale alo a

asn8 cftion of the ac•te x-ray dosage lowl.



88

comparable studies from other laboratories (809) in which wider ranges of
doses were used suggest that the threshold is lover if it does in fact exist.
If a linear relationship is assumed to exist for the per cent life-span
shortening in terms of the radiation does# the results of the present study
would suggest that the life span of CF1 fomale mice is decreased by about
O.04?•f per roentgen of acute x-ray exposure. On the basis of this value the
per cent life-spen shortening observed in each of the protected groups of
mice can be used to calculate the effective dose of radiation which each of
the groups received and this in turn permits calculation of an approximate
DRF value for each protected group. Such calculations are complicated in the
present studies by the increased survival of the non-irradiated groups treated
with each of the protective &rents* Since the mortality in these groups has
not yet reached 50%, the meadian survival time of these groups must be esti-
mted on the basis of limited mortality dita perticularly for the groups
treated with '.EA. The results of these calculations are suienrised in Table 2
where the data for the MEA-treated mice has been computed on the basis of an
asaimed median survival time of 82 weeks for the non-irradiated controls, It
is evident from an examination of the ape corrected survival times that none
of the agents tested in these studies were of particular benefit in preventing
the life-span shortening effect of the x-ray exposures. The median survival
time of the mice treated with 54-Tf, PAPP, and AET prior to an x-ray exposure
was increased over that of the non-protected animals by about nine weeks and
that of the mice given 54-T or PAPr before the 800 r x-ray exposure man in-
creased by about eight weeks. In the mice exposed to the x-ray dose of 600 r
the only agent which increased the median survival time was 54-M. Gorrection
of these dta for the prolonged survival time of the non-irradiated control
groups, hoever, eliminates the protective effect for all of the groups except
those treated with 5-4T and given 1OO r or 600 r and the mice given AET prior to
400 r of r-ray,c. The average IR for the 5-UT treated animals is about 1.1 and
the values for the mice given PAPP, AET, lnd KFA are about 0.88, 0,92, and o.6o
respectivelyo The IR? values for these agents against acute radiation lethality
(30-day survival) are all above 1.5 and it is evident, therefore, that none of
the chmical radioprotective agents included in these studies, with the possi-
ble exception of 5-MT, are effective in preventing the life-span shortening
effects of acute x-ray exposure. in C? fetmale mice. In the present studies
pro-trentment with IrA and AET actual;y decreased the life-span of the x-rayed
mice*

The results obtained in these studies are similar to those reported by
Naisin et al. (20) who found that pro-treatment with MU did not reduce the
life-open sMortening effect of 600 r in rats. In these studios the non-irradiated
controls survived for about 18 months and the x-ray exposure reduced the median
survival time by about six months irrespective of whether the animals were given
ME& or water prior to the x-ray exposure. The studies of Mevissen and Bracer
(6) suggest that neither HEA nor the NSA dimer were capatb of preventing the
life-span shortening effects of whole-bod# exposure to Co pm irradiation
at dosage levels of ,06 r or 550 r. RUollroft St alo'(1) have reported that
spleen shielding or the administration of cysteolwv s hypoxia did not extend
the life-span of C3l iea given 400 r of x-Irradintion. However, Upton et al.
(12) noted an increased median survival time in partially shielded mice epsd
to h5O r of x-irradiation. Meroaptoebtblgasnidine (the active form of AFT) has
been reported (13) to decrease not only the life-span shortening effect of x-ray
doses in the range of 800 r through 1,100 r but also the tumor incidence. In
these studies there was no evidence that the protective agent decreased cataract
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formation whereas Van Sallmann has reported (14) that cysteine reduces
cataractogenesis in rabbits given 1,500 r to the eyes. The only similar
studies earried aut with PAPP appear to be those of Bracher et al. (5) who
found that yomu rnts given lethal doses of x-irradiation ex!T"Ied a
shortewed survival time and increased tumor incidence although it is diffi-
cult to evaluate these studies because of the lack of proper control groups,
In most of the studies which have bees carried out, the life-span shortening
effect in the protected-irradiated groups has been compared with the life-
span shortening effect in non-protected animals exposed to the sme radiation
dome. The results of the present studies demonstrate that such groups do not
constitute an adequate control since the protective agents may also influence
longevity. If the results of the present study had bee evaluated on the
basis of the non-protected control group, it would be difficult to avoid the
conclusion that both 5-HT and PAPP were effective in preventing the life-span
shortening effects of radiation exposure,' It is apparent that additional
studies are indicated and that these studies should Include a wider rangs of
radiation dosage levels and a larger maber of animals particularly in the
control groups. The question of whether the chemical radioprotective agents
prevent the delqed sequalae of acute radiation-eupoumre Is& of course, only
partially answered by the results of these studies. Cataracts and gron
tumors were not observed in ay of the mice included in these studies. How-
ever, the histopathological examination of the tissues from these mice which
is in progress should provide a comparative estimation of the effects of the
protectors on tumor fomation,

L, The longevity of female CF2 mice givep various chemical radioproteotive
agents prior to acute x-ray eaosures.of IOO r, 600 r, and 800 r haes been
compared with that of non-irradiated animals given the protectors and with
non-protected irradiated animals in order to determine whether any of these
agents reduce or prevent the life-span shortening hffeots of acute x-ray
exposure,

2. Pretreatment with serotonin creatinine sulfate (90 a.gm/ao. IP) increased
the age corrected median survival time of the x-rayed mice by about eight
weeks but the protective effect is small in cma. rison with the ability of-
this agent to prevent acute (3D-day) rediation effects.

3., 1ioe pretreated with p-minopropiaphenone (30 mep./km o IP), 2-aminoethyl-
isothioures disloride (200 mpa./kp. IP), or 2-nmroaptoethylamine hydro-
chloride (300 mpA./kgm IP) prior to the administration of x-ray doses of
600 r or 800 r exhibited age corrected median survival times comparable or
less the those sen in animal giventhese x-ray doses without protection.
kll of these agents increased the median survival time of mice given 400 r
of x-irradiation but correction of the lif-span shortening data for the
increase in longevity produced by the administration of the agents alone
eliminated the apparent protective effects In these animals,

4. No evidence was obtained in the present studies that pretreatment with the
radioprotective agents decreased the incidence of other delayed radiation
sequelae,.
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P3MMCOLOL40AL AND TOXICOLOGICAL COMPOURM AS MOTCTIVE O
THMAPETIC AGOTS AGAINST RADIATION INJUR! IN

EXPMIENTLL hANIMAS

I, Eff••t of Various Radioproteotion Treat•nmts In Nice

H*. Do LMMINU mad A* T. MWOegM

This report concerst Experiments-an protection against the injurious
effects of x-Irrdiation bW jexternal spleen shielding in conjunctin with
serotonin (5-bdroxytryptsamine) and HFA (mercaptoetbylamine)o In other experi-
munts h~droxylanine, low oxygen tenion, saodium cyanide, or sodim nitrite plus
MMR were used to enhance protection. The effect of topical application of
histamine or AET (aminoettlisothiouwonium dichloride) to the exteriorized
spleen as well as spleen shock before irradiation was also studied.

Immdiate or ultimate acplication of the results To obtain Information
concerninw thZ meclmniems Involved in raoioprotection by treating animals in
various wsys, both chemical and pfuical, prior to x-irradiation.

In the first series of experiments •presented in this report the LD5O of
x-Irradiation to mice was determined under conditions 11 which the spleen is pro-
tected by an external lead shield during •rradiation. Using this value as a
base line, the protection by azw compound over and above that provided by the
shielding alone may be attributed to protection of other systams. With this
point of view in mind, the effects of WRA and of serotonin ware investigated,

In the second series of experiments an attempt was made to determine
the extent of the increase in protection which can be achieved by increasing
the mount of protective substance,, which was hydroxylamine in this case. Ac-
cording to the scavenger hypothesis one would expect that inore'sing mounts of
a protective substance would result in Increasing protection and this protection
could conceivably be large, but the mount of the substance that can be given is
limited by its toxicity. In the case of piotection by decreasing oxygen, the
damage which is mediated through oxygen might decrease to a very low level but
such a level cannot be determined if it below that level which can just be
tolerated.

Thirdly, an experiment was carried out to see whether the protection by
sodima cyanide correlated in time with the decrease in spleen oxygen tension.
The fourth series of experiments consisted of determim tions of the effective-
ness of topical application of omupounds and of electric shock to the spleen in
an attempt to protect the anim•s against the lethal effects of irradiation by
protecting the spleen alones. Lastly, an experiment was performed to ascertain
whether there was additive protection *hen EA ad sodium nitrite were adftiis-
tered before irradiation.
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Materials and Methods. Adult CF1 sale mice weighing between 22 and

28 g.am were need fro thei experimentse They were maintained on Rtockland
You.. Pellets and water ad libitum. The nice were irradiated two at a time
in a small circular pleautic ohmbeb-r divided so that only one nmoue occupied
one side* The chamber was constructed so that air or mixtures of gases could
flow through It to maintain any desired enairomuental oxygen tension. The
irradiation was- given at a rate of 600 r per minate with a Mazinar Go.E unit
using 250 gyP, 1.5 ma. with 0.25 me On and 1 am, Al added filtration*

Results

Protection against irradiation by an external shield over the spleen.
As a reference point for comparison of protection again't high levels of ir-
radiation,, a does reduction factor for an external spleen shield in desirable.
Nembutsplized mice were placed in a small chamber on their right side. and a
small 1/A' wedge of lead was placed over the spleen with the lead resting on
the animal. The wedge was 2 am. long and 0,7 coo wide at the end prot- ting
over the abdomeng and 1 coo wide at the end which was directly over the back-
bone. About 30 minuates after being given zAsmbuta1 at 60 mgm./ip. intraperito-
neally, the mice were exposed. The results are given In Table 1.

TABLE 1

SURVIVAL POLWWIW~ VARIOUJS DDSES OF IRRADIATICUI
TO MICE UND12t NENUJTAL AND WITH SPLDENS

SHIELDED EXT1FRNALLT

X-ry urvva RaesMean % Suvia
Doe-nra (30iY~ Rates Death Time (30 DRY)

Doseir (jOaym)(Days)

800 8/10 oo00 80
900 13A~9 no 145

1000O 3/20 6.5 15
3100 1/10 6 10
1200 0/20 7 0

if the data In the above table are plotted on log-probability papers
it can be seen that the L]ý is about 890 r,, the ooefficient of variation being
about 1J&%.

Four groupe, each containing ten anaimals, were given 350, 100, 1450,, and
500 r to check the previous LZon for normal male mice. The respective 30-day
survivals of 840o, 6/10, 2/10, -and 3/10 give an estimated LDgn of about 1420 r
as compared with the more stable value of 1450 r obtained preftously (1) * Since
these values are essentially the same, we may compare LDXý values directly with
those gives previously. Using an LDjjn value of 1420 r we 6btaIn a dose redaction
factor of 2.1 for spleen shielding Withe above situation.



?o determine the effectiveness of the shielding, experiments were
carried out using a Viatoreen with the tip shielded by the lead ved.ees, the
lead being held on by a piece of tape. The following results were obtained,
If the Viotoreen was suspended in air, then the reading wa about 4% of that
in the absence of the lead shield. If the Victoreen was se% on the lucite
plate (2") which it used for exposing mice in the screening program, the
reading was frm 8 to 15% of that without lead, depending on the plaomenst.o
If the Victoreen aes placed on the body of -a dead mouse, with a mouse an
either side and near the top, then a reading as high as 20% of the unshielded
value could be obtained. Auch of the spleen is closer to the lead shield than
the center of the ionization chamber so that at least part of the spleen may
be epeed to leas than 2CO r for a 1,OOU r exposure. But the outer edges of
the spleen undoubtedly are exposed to substantially more than 200 re However,
it is likely that the central portion, which is most protected, is the only
pert that is important for the survival of sufficient cells to serve as a
source for repopulating the reticulo-endothelial system• In any case, it
must be kept in mind that the shieldink is by no means complete. Further
studies are needed to find out whether or not complete shielding of the ex-
teriorized spleen, or the injection of young spleen cells or bone marrow in-
creasees protection above that obtained with the external shielding.

Protection against irradiation by an external shield over the spleen
together with WA or serotonin. A dose of'4OO mg.Ao/kpo of mercaptoethylamine
(UA) 15 minutes prior to irradiation affords about the same protection as does
an external shield over the spleen. It is of interest to find out the extent
of this protection if the spleen is simultaneously shielded externally. The
additional protection could come from further protýction of the spleen or from
protection against other systems. Since the doses of radiation are so high
that death by gut daau!se is beginning (2), and since KFA protects against this
damage (2,3). a synergistic action is not unexpected&

Intraperitoneal administration of aerotonin (5-hydroxytryptamine) at
levels above 50 mgm./kpo, results in a substnntial protection agninst subsequent
irradiation. A dose reduction factor of about 1i8 has been found (4). Simul-
taneous protection by serotonin and shielding could result in some additional
protection of the spleen, but also in a slight decrease in damage to the gastro-
intestinal tract. Experiment. were, therefore, carried out from which an esti-
mate could be made of the extent of the interaction.

In Table 2 are given data on survival of irradiated mice which were
shielded over the spleen and given either Y'EA or serotonin.

Protection against irradiation by repeated administration of bydrol-
amine. Hydroylamine produces toxic symptoms quickly, in male Cr. mice but
'cnsderable amounts can be administered when eiven over a peario of time and
especially if the mice are previously given nembutal° An attempt was made to
increase the protection against irradiation by giving repeated injections of
50 mgm.-/Am. at 5-minute intervals beginning 25 minutes after administration
of 70 Mgp./kg. of nembutal, Five minutes after the fourth injection of
hydroxylamine the mice were given various doses of irradiation at a rate of
600 r per minute. In preliminary experiments, after survival semed better
in those animals given methylene blue (20 mgp./k•a, intraperitonsally) after
irriadiation and hence this procedure was finally adopted. A few animals in

* I



TABlE 2

SURVIVAL OF MALE MICE WITH EXTERNAL SHfIELD OVER THE
SPLEEN AND WITH MEA (1400 NM./Kox.) ORt

SEROTONIN (10 MM./KGAO.)

X-ray Dose Pro-I-ray Survival Ratio Mean Death % Survival
in r Treatment (3O-Doy) Time in Days (30-Day

1,000 Serotonin (LP.) 8/1o ... 8o

100 iap./kgn,

1,100 8/18 8,8 44o5

1,200, 1/8 10 12

-.800 NA (i.P,) 9/10o 90
// 1lo00 mp,•./ik

1,000 "5/19 11 79

1,200 * 12/20 13 60

1,300 13/19 10.4 68

1,9400 D 8/20 nl . 140
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each group of ten aim be expected to die just bofore# during# or after irradi-
ations Animals surviving for a few minutes after being given metbylone blue
lived several days cr more. In Table 3 only such animals re Included,

TABUE 3
PROTECTIM: AGAINST IRRADIATION BY INTRAPERITONEAL

INJECTIGM OF RT0YMMOIAUMDE tI•rROC!,LRII
IN MAe MICE

Pro-x -ray mean
I-ray Done Treatment with Survival Death Tim % survivl

in r Hydrotyamine Ratio Dat s (3m-ea)r11ydrochloride nDy

0 200 .gm./ku, 2)l0 oboe 100
(4 doses)

800 50 m./kao 1/1o 74• 10
(single dose)

800 200 sign./kim. '13/23 13.1 57
(4~ doses.)I

1,000 200 mgm./kgm, 1/12 1 8
(i4 doses)

At 50 mp./kgmo there were no drug deaths. The first death of the
irradiated mice ocourred on the sixth day. No pretreatment with neambtal nor
posttreatment with metbylene blue was used in this case. The data suggest only
a slight protection against 800 r by 50 mgm./kgm. of hydroxylamine when given
intraperitonsally seon minutes before irradiation. Pretreatment with nembutal
alone (85 mug./kip.) results in only *'low percentage survival at 600 r (see
below).

Since over one-half of the mice survived after 200 mgm.Awg.o of NH20H,
(hydroxylamine) the does redaction factor for this situation is not far from 2.
Hence hydroxylanine can give considerable protection against ionizing irradi-
ation when given in sufficiently large amounts before irradiationh

Protection aginst irradiation vr,,ir low oEen tension, The environ-
mental oxygen usion of mal mice wa carefully brecht to a level of about 4.6%
oxygen and the animals exposed to various levels of irradiation Yven in two
minutes or loss.

After the mice had been placed in the plastic emosure chomber for a
few minutes, the oxygen tension was dropped to about 10% for one minutes The
tension was then dromoed to about 7% for a half minute and then to h.6,• C'aring

1*'
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a half minute intervalo Irradiation was begun 20 seconds after the tension
reached 4.6%. At the mommnt the' x-ray machine what off, a solenoid allowed
air to replaoe the low oxygen mixturew n the exposure chamber. Few animals
died during the 1-1/2 minute exposures (900 r). However, for exposures of
two minutes (1,,200 r), the unoxia results in early 50% mortality. In Table 4
only survivors of the exposure period are included.

TABLE s

SURVIVAL OF MALE MICE 7OLL(MINO X-IRRADTATIGO
lRIM 66% OMEN TENSION

X-ray Dose Swrvival Ratio Mean Death % Survival
In r (30-Day) ;Time (Tlay.) (30-Day)

800 11/l14 (11) 79

900 6/11 (n) 73

1,000 11/20 13J3 55

1,200 1/16 107 6

From the above table it can be seen that the LDW (30-day) is somewhat
over 1,COO r, giving a dose reduction factor betwaeen 2•Id 2-1/9 for this situ-
ation.

An additional group of ten mice was given 550 r. As the x-ray machine
shut off, the air in the chamber was rapidly replaced with nitrogen. Ten seconds
later the level was raised to 5% 02 and 10 seconds later to 7%, Since the abrupt
drop produces excitement, it was not possible to maintain the oxygen level as low
as 5% even fbr a minute. After two minutes the mice were removed from the ex-
posure chamber. No animal survived beyond 11 days, the mean time of death being
9.3 days. Untreated animals given 550 r would give no survivors in most instances.
Henee, production of anoxia within 10 seconds after irradiation failed to show
protection from the rather low dose of 550 r,

A few trials were made to combine annis with 600 mgm./kSm. of M3A (I.P)
with the x-ray exoosure being given 15 mimttes after injection of MFAo Since a
higher dome of irradiation needed to be given and since there inees to be some
increased sensitivity to .anoxia in the nembutalized-HEA treated animals, the
level of anoxia oould not be maintained below 6%. In a group of eight mice
given 60 mp./lro of numbutal at 30 minutes, 600 mgm./kgm. of XFA at 15 minutes,
and 6% 02 at zero time and during irradiation (1,500 r), there were no survivors
after 1h days, the mean death time being 10 days. Another group of seven mice
was exposed to 1,600 r. Two of these animals survived 30 days. The mean death
time of those failing to survive 30 days was 13 days.
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Protection .aainst Irradiation bUsodium cyanide in nambutalised male
nice* Previous I tWudis k5) showed that the oxygen level in most mice under

ital given 4 mgme/kg. of sodiua cyanide intraperitoneally begins to fall
at about three minutes. Only I in 6 showed a decrease at the end of the first
minute. MoBt of the others showed an appreciable increase during the first two
minutes. In terms of protection due to oxygen deficit one would not expect
protection to be exhibited until about three minutes or eore following injection
of sodium cyanide. Hence, nsoubtallsed mice were given 700 r after 14 3, 8, and
16 minutes after sodium qanids and the results are shown in Table 5e

TAWI 5

SURVIVAL IN NEOMUTALIZED M&LE NICE 7OLWIMNO
IRRADIATION AND IRTIZAT M. WITH

SODIUM CYAKI1

X-ray Does Tim. After Survival Ratio Men Death • Survival
in r NaCN (30-D) Tim (Dys) (30 Days)

700 No aCN 0/16 9,5 .0

700 1, 3/15 11.6 20

700 3.59 13/34 . 117 38

700 8, 5/ak 13.7 21

700 16' 1/18 947 5

From the above results it can be seen that when the irradiation is
given at about 1.7 minutes mean time from Injection of NaCN, there is apprecia-
ble protection, The survival in greater at four minutes mean time but the In-
creased survival is not significant, though significantly greater than the con-
trol. By 16 minntes;the survival is negligible. The data do suggest, however,
that protection develops too rapidly to bq accounted for by the change in oxmen
tension. The data given here should be compared with those of Di2lla and Doull
(6) in which nubutel was not given. They found onsiderable protection by
potassiu cyanide against 700 r when the animals were irradiated one minute
after injeotion.

Protection aminst ton Irradiition bz toical anplication of
he nof e m v nice. As part or a progrm to etu• tha eektent

of protection by topical aoplicaticn o3 unall mounts of drugs to the spleen
before irradiation, histamine diohlorate has been used. The spleens more ex-
posed and a small piece of Saranwrap placed underneath to form a small trough.
The animals were carefully placed in the exposure chamber. The drug was applied
drop by drop over a period of about two minutes and the liquid In the plastic
trough was stirred and used to bathe thes Vlen untl4 time to place the exposure
ohamber under the x-ray been.
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In Table 6 are also given data in which the drug was administered
intraperitonsally and intravenously using a volume equal to 1% body weight.
In one experiment the drug was injected directly into three parts of the
spleen using a volue of 1A% body weight. The results are shown in the
following table.

TABIs 6

SURVIVAL IN MALE MIME IRRADIATED FOLlOWING TOPICAL
APPLICATION O HISTAJLINE DIC4ORIDE TO

THE SPIEDI

inra D (m ./km Treatment Survival Ratio Mean Death % SurvivalI-a~n rDe (Wa/k~a'len. atroFrute{ and (30-D)RY) Time (30-Day)

time at x-ray$ ie (ODy

700 None 0/30 8.5 0
700 250, IoP,, 5•'1/00 8.5 10
700 250 (neut.), IoV., 50 4A•4/o 12 ho
700 250, spleen W., 5' 4/8 21 50
700 250, topical, 5' 2/10 9 20
800 250, IPo 0/8 10.5 0
800 250 (neut.), 5' 6/9 (13) 67
800 250, topical, 30 1/14 11.2 7
800 250, IoPoOAO 909 0
800 300, 1.P. OoO 8.6 0
800 500, IoPs 0/10 9-14 0

From the above it can be seen that in these mice intraperitoneal in-
jection of histamine is not very effective. In all these cases, the injections
were made into the abdominal cavity away fiom the spleen. On the other hand,
these preliminary results suggest that intravenous injection of neutralized
histamine dichloride, topical application, and injection into the spleen result
in substantial protection., When the injection is made into the spleen, the site
of injection shown a marked blanching. Topical application results in a blotch-
ing and darkening appearanceo

In the earlier experiments (700 r). the drug was applied to the capsule
only until near the end of the period.. A few attempts to recover the unabsorbed
drug indicate that the capsule absorbs very little in time while that which
spills over the capsule so as to wet the sides of the spleen and the attached
tissue is absorbed rather quickly.

It may be noted that the neutralized solutions seem more effective.
The possibility needs to be considered that the irritating effect of the low p1*
may partially counteract the constricting effect of the drug0 It should be
pointed out also that the role of timing needs further study.



Prtetion minat ionizing ir~radiation b I tolpical am~lication of
aminoothbltsothiourontlM dichlorlde tA.T•) or l'q electrical• shook to glowsU

of sale cae. T effect or topical applo a ton of Ahr"to exposed spleens of
;-I ; d mice bas been studied. The drug was applied as described above.
not neutrallsed unless otherwise indicated. Included in this series was a
group in which the spleens were shocked by a very short monophasic pulse,
Three shocks were delivered to different parts of the exposed spleen. Thirty
seconds elapsed until irradiation (600 r per minute) was begun* The intensity
of each shock was sufficient to produce a strong twitch when applied to mncle.
No movement except that due to current spread was noted, Relatively little
change in the appearance of the spleen was seen. A few animals in which the
spleen oxygen tension was measured showed puall to moderate decreases, with
som increasing slightly. Although *is result would not suggest that spleen
shock should give protection through spleen anoxia, some experiments were
carried out nevertheless. The results of these experiments are shown In
Table 7.

TABIB 7

THE EFFECT OF TOPICAL APPLICATI(1 OF AET GR SPLE•N SHOCK
CY SURVIVAL OF MATE MICE AfTER I-IFADIATION

X-ray Dose Treatamet Dose of AZT Survival Ratio Nean Death % Survivl
in r (30-Day) Tim (Day) (30-Day)

600 None 0 2/1o 10. 20

600 Spleen exposed 0 1/10 n,,2 10

600 Spleen shock 0 3/10 9 30

700 Spleen shock 0 3/28 9.2 1U

700 Spleen exposed 0 0/20 10.i 0

800 Topical 75 1/1 13 10

800 Topical 100 0/10 8.6 0

800 Topical 125 2/o 17 20

80O Topical 325 (neat.) 4s3 14 4o

From the data given above, it can be seen that there is little or no pro-
tection due to spleen exposure or spleen shock, over and above that due to the
nembutal (85 qm./kg.) administered about one-half hoer"before irradiation0
On the other hand, topical application of AEn at 125 po./*o. at VW body
weight, especially a noutrelved solution, appears to give appreciable protection.
Whether or not this protection exceeds that for an intravenous injection cannot
be determined without additional data.
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Protection against ionising radiation folloaw achinistration of
,Aad aNO - since 4O0 mp./klpo of AM given 15 minutes before irradl-

ion a 2 mpg.A/kgmo of EdO2 20 minutes before irradiation give reughy
the same protection but neither produced appreciable survival at 1#300 r, an
attempt was made to test the effect of giving both. In the absence of inter-
action between the two cmqxounds such that either reduces the effect of the
other, then in view of the synergistic effect of anoxia or spleen shielding
and MER, one might expect at least the moxio effect of NaNOW2 to act syner-
gistically with PEA. The procedure used to teat the hypothesis was as
follows. At time sero one muse was given 200 mg./kp. Na•O2 intraperito-
huelly. At 5 minutes hO4mp./kgm. MEA was &duinistered. At 20 minutes
irradiation yes begun. It lasted 2-1/6 minutes. As quickly as possible
20 mip./kpl of methylene blue was administered intravenously to prevent
death from the nitrite. The nimal was then given 75 mgm./kpi nembutal to
reduce mortality from the MA convulsions.

The result from 15 animmis surviving five minutes past. administration
of nmbutal wan as follows. Of 13 surviving overnight, six survived 1,300 r
for 30 dayp. No survivors would be exoected from either agent alone, Indi-
osting an additive effect.

1. Use of an external 1/4 inch lead shield ((;.I x 2 x 0.7 am.) placed over
the spleen of nice increased the LD50 for whole-body x-ray exposure from
about W4O r to 890 r. The administration of serotonin (100 mp./kpd
intraperitoneally) in addition to the external shielding of the spleen
increased the LDM to about 1,075 r whereas NEk (WO mgm./kgmo intraperito-
neally) plus splhi shielding increased the LD5o to about 1,200 r ME&
alone was about as effective as spleen shielding alone,

2,ý Hydroxylamie given prior to whole-body x-ray exposure at a dosage level
of O0 mgp/kgm. results in a slight protection but increasing the dome to
200 mp./kSm. (given over a period of,15 minutes to minimise toxicity) in-
creases the 10, of whole-body x-ray expoeure to over 800 r giving a dose
reduction fect6- (W') of close to 2.

3,. Anoxia produced by exposing mice to an environmental oxygen concentration
of about h.l6% increased the LEO of whole-body x-ray exposure to about
10OO0 r. Production of maoxia within 10 seconds after x-ray exposure gave
no protective effect.

4., Administration of sodium manide at different times prior to an x-ray ex-
posure of 700 r showed that the greatest survival occurred when the agent
was given at four minutes prior to the irradiation.

5. Eperiments involving the topical application of drugs to the spleen gave
the following results: substantial degrees of protection could be obtained
with histamine and 2-sminoetbylisothioures but the amounts required to pro-
dues potection ware comparable to the mount of each agent required to
produce radioprotective effects when given intravenously. Electric shocks
to the spleen failed to yield a significant protective effect.



102

6. Adinistration of DO unp./krp. of MM and 200 mV./1k. of NAN 2 before
2#300 r resulted In 30-dq urvivors Indicating an additive protective
effect.
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THE INFLUNCE OF EXPOSURE TO LOW IEVIMS OF GA•MA OR FAST
NEUTRON IRRADIATION ON THE LIFE SPAN OF ANIMALS

I. Early and Late RedMprotective Effects in Proton-Irradiatednc rrtr.t .. tl Chmia Protectors

Do G. Oldfield, J• Doull, V. Flak, A. Hasegava, and
ka Sandberg

MILA rE t coooernes Radioprotective effects in nice total-body
irradiated by high enrgyM Hey) Vrotons following pro-irradiatien treat-
ment with 2-moroaptoetbylamine hydochloride (WA) and with p-minapropio-
phenone (PA!'P), and a comparison with similar effects in mice irradiated by
250 Ivx-rayo.0

Immdiate or ultimate application of the results: This investigation
has relevance to at least three significant radioprotection problems. These
are, the extent to which a selected agent can modify the response of a biologi-

syl s8Ftem to one perticular type of radiation--specifically, high-energy
protons5 the relative effectiveness of twi different types of radioprotective
agents in modifying the response of a biological system to this type of radi-
atione and the relative effectiveness of one type of radioprotective agent
compared in systems exposed to two different types of radiations--protons and
x-rays. The methods and results of a first series of experiments (Series A)
designed to investigate these problem has been given in a preceding report
(1). The present report contains data obtained in a second series of experi-
mnte (Series B) replicating and extending the range of radiation doses em-
ployed in the first series. Initial analysis of the data of both series of
experiments confirms the original conclusion that pre-irradiation treatment
with MEA or PAPP is able to reduce 30-day lethality in mice exposed to high-
energy protons. In addition, examination of the series A survival data out
to l4O days has both indicated the need for, and suggested an approach to, a
more sensitive measure of radiation response than the conventional indices
provide. Experimental and theoretical bases have thus bum provided for
further studies of radioprotection by ML:and PAPP at the present and also
at lover proton energies.

The experiments of Series A employed a range of radiation doses which,
for protected animals, produced mortality only approaching the 50% point.
Hence, mid-lethal doses, 1%, had to be obtained by extrapolation. The various
effectiveness indices (dose reduction _Nctor, relative biological offective-
nes., relative protective effectiveness) verep therefore, each afflicted vith
an uncertainty related to that of the two' 1's from which they were calculatedo
The purpose of the Series B experiments was to provide a firmer estimate of the
various mid-lethal doses by using larger radiation doses for the protected
groups, as well as doses overlapping some of tho Series A points.
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An additional question raised by the Series A experiments was whether
the slopes of the mortality versus dose lines were unduly low due to the
randomization over several are groups (14 to 20 weeks) which the experimental
plan required. To obtain information on this point, regression lines for pro-
tected and unprotected nice homogeneous in age to within one week were obtained
in the Series B experiments. These regression lines could than be compared
with similar lines obtained using mice having a larger spread in age,

PWical methods and materials. The proton beam used for the Series B
experiment-s was ts smem as tsT-used'f br Series A. This beam can be spect-
fiad by the following parameters:

Acoelerators 170-inch enchroqoylotron
Energys 110 Nov at extraction
Pulse width 1400 microseconds
Pulse repetition rate: 70 pulses per second.

A more detailed description of the beam and irradiation geometry used has been
given previously (1). The average does rate on the midline of a cylindrical
water phantom on the vertically scanned irradiation plate was maximally about
40 red/min, for the Series B runs, This is approximately half the rate ob-
tained in the Series A runs. The reason for this difference is not definitely
known. One possibility is that either the particle trajectory or the efficien-
ey of the extraction apparatus was altered due to modifications made after
Series A in iron structures adjacent to the machine. The dose distribution
over the surface of the irradiation plate, however, was the sme for the two
rins, an judged both from film exposures and from ion chamber readings on the
plate.

Specifications of the x-ray beam used for the Series B rums were as
follows:

Generators Keleket
Energy: 250 Kvp
Tube current: 15 ma.
External filters IA/ . copper plus 1 m. aluminum
FSD, 75 em.
Backacatter materials lucite
External collimators none
Deem diameters approzinately 45 eam.

Pending a .more detailed comparison of the generator used during Series
B with that used during Series A, the same roentgen-to-rad conversion factor
adopted previously (1) will be assumed to'hold for Series B.

The final item of dosimetry concerns the charge-calibration of the
Viotoreen chamber. I=sediately preceding the Series B runs, the Victormen sot
(chamber and charger) was recalibrated against the Argonne Cancer Research
Hospital (AC•U) oobalt-60 source; this calibration was then compared with a
oomercial cobalt-60 calibration (Viotoreen Instrument Company) of the sam
set for similar geometric conditions performed six dhys before. The conditions
and results of these calibrations are shown in Table 1. Since the commerical
calibration is accurate to only a few per cent, the agreement is quite
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satisfactory, Thus it was felt that the charge-calibration for Sorti. B had
been somewhat more reliably established than that for Sort.s A. Quite apart
from thel. a nov value for the half-life of cobalt-6 was recently published
(2). This circumstance, along with the relative status of the calibrations.,
has led us to choose the exposure dose rate used for the Series B clibration
(15.1 r/minute on 2/15/63) as the referenge rate* The value for the Series A
calibration was then corrected to this rate taking for the half-life of
cobalt-.& the new value of 5.263 years (1922o3 days). The correction required
for the Series A doses turned out to be negligible (loess than 2%). However,
this calibration, and the more accurate value for the half-life of cobelt-&0,
will aid in referencing the Vietorean set using the radium callbration soucme
now available in this laboratory.

TABIX 1

COALT-60 CALIBRATION COIDITIONS AND RESULTS

scumr to Dsnd Size Correction Factor

CSomber Distanc (for 22 C.)

ACRH 81.6 on. 10 on. x 10 on 1.02%
(square)

Victoreon 50.0 Co. 10 ao. dismater 1.037
(circular)

1.031 t 0.006 av.

Biological materials and methods. Mice used in this experi•ent were
Carworth Firm CF 1 , Caged not more than 12 nor stainless steal cage (70 H,
9 WI 13 L) in vwich food (Rockland Mouse Diet) and drinking water were availa-
ble ad libitum. AU cages were housed in a single roam and were inspected for
dead mnic daily and Cleaned weekly. Both proton and x-ray irradiations were
carried on during successive 8 to 12-hour periods spanning several days. The
mice used in any particular period weft randomized just prior to the beginning
of that period within the age groups 19 t 1, 21 t l, and 23 t 1 weeks for male
mice, and 18 to 19 weeks for female mice. An additional group of male mice
14 to 15 weeks of age was used in the x-ray irradiations,

Chemical agents used in this study were made up in oon•entrations that
permitted the use of an injection volume gorresponding to lose than j, of the
body weight of the mounse. PAPP was prepared by dissolving C.P. grade reagent
in propylene glycol with gentle heating and then diluting with an equal volume
of triple-distilled water. The concentrAtion of the final solution was 3 mp./
milliliter, MEA •as prepared by dissolving the CP. grade reagent in triple-
distilled water. The concentration of the final solution was 22.5 mp./ml.
Halt of the control mice received one, and half of the control mice the other,
of the abov diluents.
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In the proton irradiations, nice were processed in. batches of nine;
all nine received the sain drug dose and the same radiation does. A sample
of each of the age groups was used for each exposure at each radiation dose
levels

Injections were given intraperitonall]y using a 1 mle syringe and 22
gauge needle, 1/2 inch longe After Injection, mice were placed in vented
centrifuge tubes. A delay of five minutes was interposed between the end of
the Injections and -the start of irradiation, during which time the tubes were
attached to the lucite plate. The plate containing tubes and mice moved verti-
cally up and down past the fixed beam continuously during irradiation* After
delivering a measured radiation dose to this batch of mice, the tubes were re-
moved, and the mice sorted into appropriate cages. The propylene glycol and
the water control mice were caged togethers but were permanently marked so as
to be distinguiahable . The female control mice were given water only.

The x-ray irradiations coamenced one week after the end of the proton
irradiationse The biological procedure" used for irradiations were exactly com-
parable with those used for proton irradiations, except that the mice were
processed in batches of sixteen, and the lucite disc carrying the mice rotated
continuously within the beam about a vertical axis.

Results

The cumulative per cent mortality, p, is shown in Table 2 for both
Series A and B runse For protons, the data has been cumulated to 30 days for
A and 28 days for B; for x-raye, the data has been cumulated to 30 days for A
and to 21 days for B. Data beyond 21 and 26 days is not yet available for the
B series experiments. However, data presented below and discussed more fully
later in the report indicate that early mortality is relatively fully ex-
pressed by 21 days.

The standard deviation, O- , is calculated on the assumption that
deaths within each group of mice at a particular dose level obey binomial
statistics, and that the per cent mortality observed in this sample is a
reasonable estimate of the per cent mortality and would be observed in a
large population of mice. The number n it the original number of mice ir-
radiated, not including any that died -uring irradLition or during the first
two days post-irradiation. In the control groups, the number of mice excluded
from analysis due to immediate death (during irradiation) or due to short-term
death (two days post-irradiation) is negligible. In groups receiving IVA or .
PAPP before irradiation, the excluded mice comprise about 5 to 15% of the ini-o
tial number. The three age groups irradiated during the same or successive
treatment periods all exhibited essentially the same survival behavior and tha
groups were pooled for analysis,

The data in Table 2 we plotted in Figures I through 10, inclusive, in
probit units of mortality versus dose. The straight-line fits to these data
have been estimated by eye. The 21-day x-ray data of Series B appere to agree
reasonably well with the 30-day x-ray data of Series A. The same may be said
of the Series A and B proton data.
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b m Oo291 x 10" pmoblt/rud
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boo0 Boo 220600
Dm (rads)

Figure 1, Dbs.-.rtalit. data for 19 5- eek. old OF, sal nice
given vehile only five uinutes prior to whol.o-bo4 prton irmradiation.
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Figure 2, Do.e-ortality data for 19 ! 5 weeks old F1 male niee
given 30 up./kp, MPP five minutes prior to Ahole-bod" proton irradi-
ation.
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Figure )ý Do•,eaorta1.ty data for 19 t 5 weeks old CF, male mice
given 225 muo/kg, HU five minutes prior to whole-body proto, o srrad1-
&tlon.
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Figure 5. Dose-mortality datta ftr 19 t 5 weeks old C. male mice
given vehicle ohbl five minutes prior to whole-body x-irradiation.
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F•iguqe 6& Dose-mort, ity data for 19 + 5 weeks old CF., male mica
given 30 mgp./kgm PAPP five minutos prior to whole-body x-ir#adiation,
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!igur., 7. Does-mrt•aity data for 19 - 5 weeks old CF1 male
mice given 225 op./k]m. MU five uimutes prior to whole-bodf x-irradi-
ation.



U7

10 t - 560 rads z-rays

-2b - 0.801 x 10 probit/rad

A a • Series A

.30 o -

16is

~7009

boo 8 121600
Dose (rads)

Figu 8. Dose-mortality data for 18 to 19 weks old CF fe-
sale moe given vehicle only five-minutes prior to uhole-bod, x-iwad4-
ation.
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Figure 9. Doa•-mort. ity data for 24 to 15 weeks old Cr mae
mice given vehiole only five minutes prior to whole-body x-rrad•at•on.



10

0- 870 rade x-rays

b - 09513 x i0o problt/rad

30

43

S70

90

I I I I
80D 80o 1200 1600Does (rads)

Figure 10, .bse-morti ity data for 14 to 15 weeks old CF male
mice given 225 m.po/kgm, MFA five minutes prior to whole-body z-4i'radi-
ationo
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For each estimated straight-line fit to the data, the dose producing
5D% mortality, s, and the slope of the lines b measured in probits per rsd,
can be obtained. These values are colleoted fnTable 3. Under the assumption
that no large errors result frm the use of non-identical assay periodes values
of ESF (dose reduction factor), IRE (relative biological effectivenss)s and
RPS (relative protective effectiveness) have been calculated using the date
of Table 3. These values are presented In Table 4.

The difference in the efficiency of PAPP and PWA in the ooncentrations
used for protecting against acute lethality as Judged from the MIs? and RPS's
of Table is soem not to be as large as was thought previously. Pending further
analysis of the data, the only cnonluions that can be drmwn at present from
the indices are that both PAPP end NFA protect against early lethality in nice
irradiated by high-energy protons, and that the degree of protection afforded
is roughly the sme as that for medium quality x-rays.

The mean dose, D, for female controls is not greatly different from
that of males for either protons or x-rays. The slopes, b, for famles, how-
ever, are steeper than those for mules fox both radiatiobs

The 2J4 to 15-week old control and MSA groups are seen to give mean
doses, slopes, and I'Fs quite comparable with those obtained for groups much
more heterogenous in age. It my be concluded that there is no bar to using
nice in the range 19 5 weeks of age for experiments of this type.

In Table 5 are presented survival data out to lIj days for control
(water or 5D% aqueous propylene glycol only) nice given various proton doses
during the Series A experiments. Also presented are survival data for mice in
this series given 30 W./kgn. of PAPP or 225 mpm./kgmo of WA five minates
prior to receiving a proton dose of 939 reds. The quantity , is the fractional
number of mice surviving to any selected time, with the same exclusions on
im..ediate and short-term deaths a8 described above.

The data of Table 5 are plotted iA Figures 11 to 19. The straight
lines have been fitted to the data by eys on the assumption that the rate of
death (-dq/dt) Is, in rough approxination, constant over successive intervals
of time, the *constant" being different for each interval. Treated in this
way, the data exhibit a number of Wutematic and to some extent anticipated
trends. First, the initial rates inoree.se with increasing radiation dose,
Seconds the initial rat of death is succeeded by a secohdary rate of death
proportional to, but smaller than, the initial rate°Thirdthe transition
from initial rate to eeondary rate occurs earlier in time and at a lower
q-value for larger doses. Fourth, for low doses, the initial rate appears to
be preceded and followed by periods during which the rate of death is sero-
a delay, as it were, occurs before the initial rate appears and also before
the secondary rate appears. These delays may be termed initUl secondsr,
etc, Ezmining the curves for protected animals, one sees f t APP-treated
animals exposed to 939 reds of protons generate a curve which has the quali-
tative behavior of that for control animals given 820 reds of protons. On
the other hand, NSA-treated animl given 939 rids produce a curve resembling
that for control animals receiving 591 reds of protons,
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TABLE 3

MIrD-i•TAL DOSE ( AND ,ERssrION LE SLOPE (b)
QTABEINE M.1? !4ORTALITY-DOSE CURVES FOR

PROTONS AND X-RAYS

Sex Agu, Week@ Drug Group 13 b, Probits/rad

Male 19- t Control 820 0.o291 x 10 2

0le 19 t PAW 1330 0.178 x
We 19 t 5 MEA 1390 0.176 x 10"2

Female 18 - 19 Control 680 0.641 x 10"2

Male 19*t 5 ,Control 57C 0.583 x 10-2
Male 19t 5 •PAPP 930 O.267 x 16-
2ale 19 5 MEA 810 0.610 x 104

250 Kvp x-ri Female 18 - 19 Control 56 O.803 x IO-2
Male 3J- 15 Control 610 0.675 x 10•
Male 14 i5 MEA 870 o.513 x 10

TAKlE 4

Mr1, BE, AND RPE VALUES OBTAINED PROM MID-LETHAL
DOSES OF PROTONS AND I-RATS FMR MATZ

MICE 19± 15 wars OLD

Radiation Protons I-rays RBE - 007

PAP DRF a 162 F a 1.63 R - 1.43

MEh DRF - 1.70 D"F - 10 42 RPE -1.72

S(dru) BE0 (control)

1 (control) • (control)
p

I(drug)
RPS*

Ip (drug)
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TABLE 5,

FRACTION OF CF1 NICE stivIVIM VARIOUS DOSES OF PROTON
RADIATION VERUS TlE POsT-RRDIATION

Series As Nales 15 t•o 19 Weeks Old

Controls PAP? MMA

Time s 235 351 468 591 702 820 939 939 939

Days3 1I0 ~O OQ .0 1OO 1OO

3 1.00 ý00 1ý00 10001.00 10001.1000 1.1000 1..OCO
6 0 r-945 829 .972 -9T1
".9 .972 .972, .9t03 722 .5413 .861 .943.
12I 6.972 ,917 .829 .639 .371 p66, .853
"15 I * I .94 " 1 -" I "-TO .611 J35
18 0 41 1.~j
21 .833 .686 a 286 ,583 "
"28 861 .917 478 .,51.4 " .528 "
"37 I750 .457 .417 .257 .50011

-833 422 .4 0 17 .7o6
49 .971 w a " 695 .389. .647

5 a 889 ,667 .1389 .229 . .p618

63 9 a .I6)9 " I U

70 U P U a J ~ 6177 U U l.6nl . I " I""
91 Ni 1 0 J6 , 278 a

"100 I " I 861 w UiU U, U

105 .9114 478 A833 .583 U 200 .588
* " I " .778 U/

121,a - U .. .6333 U U U

126 " 750 An a a I l "
"133 1 695 " I U I a a a

1 o9 a" I a I I a "
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1.0

o°2 iI I
ho 80 120Tie(da•)

Figure 15, Surviving fraction of C.F male mioe given vehicle only

versus time after 702 red, proton irradiatioi (Series A),
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1.0
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4o 80 120

Tim. (day.)

Figure 26, Surviving fraction "of CF role mice given vehicle only
versus time after 820 rnds proton IrradlatIAi (Series A).
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Figure 17. Surviving fraction or CF male mice given vehicle only
versue time after 939 rade proton irradiation (Series A).
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Figure 18. Surviving fraotion of CF1 male mice given 30 m.mAp'
PAPP versus time after 939 rade proton irradiation (Series A),
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Tim (days)

Fligure 19, Surviving fraction of CF"1 male mice given 225 mug./kg,
MFA versus time after 939 rads proton irradiation (Series A).,
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Discussion

Au mentioned previously, the data of Series A and B experiments
cannot be fully a nalyzed for survival until more time has elapsed. The
survival data for Series A proton-irradiated mimls at 1.0 days, however,
already indicate certain limitations of such response as MA, RE, and RPE
measured at 30 dmys These limitations are probably not peculiar only to
the proton data; the latter are used here simply as illustrative,

First, if the initial and secondary rates of death estimated by the
lines of Figures 11 to 19 are assumed -to Indicate the occurrmaos of two differ-
ant processes leading to death, the surviving fraction at 30 days, OP, WAy
result from none, one, or both of these processes depending on the Ise used.
For example,, in Figure 1n,,q occurs during the initial delay and so is not
affected either by the ini l or secondary rates of death vhich follow in
Figure 12, %30 results from the occurrence of a portion, but not all, of the
initial rate of deathl in Figures 16 and 17, -0 results from both the ini-
tial and a part of the secondary rates of deav. Second, and quite apart
from any bypotheses as to its cause or nature, the data of Figures 11 to 19
indicate that the rate of death per mouse is still changing at 30 days for
most of-the doses used, though perhaps less rapidly than at earlier times.
The choice of 30 days as the assay time in this syntem thus appears to have
convenience and eonvention, but not a great deal more to recosmend it. Spe-
cifically, the significance of the valus of q obtained at 30 days to the
whole temporal phenomenon of survival after Irradiation is obscure.

If the assay point were placed far enough out in time for a plateau
in survival to be reached, the significance of such a plateau-q would be much
clearer than that of the % In. Whether such plateaus exist for this system is
not known at present, but &s method of assay would presumably require periods
of time at least greater than 140 days. For mice of these ages, the behavior
of _ my begin to depend on aging processes as well as on the experimental
stress used, or on some combination of these not easily separable on the basis
of the survival data.

Another much used assay point is the time, .. , required for half of
the initially treated mice to die. This assay pointas about the same limi-
tationa on significance and applicability as the 430 previously discussed.

These considerations suggest that it may not be possible to adequate-
ly describe the survival behavior of irradiated populations of animals using
single constants or one-parameter families of curves. In this event, when a
description of more complex survival behavior is required, the question
arisess low shall radioprotection or other relative effects be cvaluated?
A method will be proposed here which, to the authors$ knowledge, has not as
yet been used either in radiobiology or radioproteotion studieso The basic
notion, however, originated in the population dynamics formulated by Volterra
(3). The quantity of interest is the time integral of the fraction of animals
surviving to my specified time, which we shall call the survivance,

v(t) ft qdto
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Its chief virtue is that it reflects not air-ply the value of j attained
by time tp but the entire time course of'the survival process up to tine t.
Roughly speaking, the survivanos is a combined measure of both how many -
individuals survived and for how longs A measure of the relative effect on
survival up to time t of any stress is given by the ratio of survivances to
that time of two groups, one stressed, the other not. A measure of the
relative effect on survival up to tine t of two stresses is given by the
ratio of survivanoes of two groups, eaos receiving one of the stresses.

A further virtue of the concept of survivance is that it may be ex-
pected to correlate more closely with other biological measures of radiation
effects than do the conventional indices. As a simplified example, suppose
a group of untreated irradiated animals show a q of 1,0 until five days,
after which q falls to 0o. at 30 days; and suppose a group of treated ir-
radiated animals show a of loOuntil 1S days, after which q again falls
to 0o.5 at 30 dayso Thej.0 for each of these groups is the same; the ten
for these groups is also Ne sanoe One would not, however, expect tho-Rdi-
ation pathology or biochemistry of either the survivors or of the mice that
died to be the som in both groups when it is known that differences in t•w time
course of survival exist. Whether such a measure as survivance would in fact
exhibit properties that correlate well with other biological data remains a
matter for investigation; the conventional indices, however, would clearly
be unable to cope with this type of .situation.

Inspection of Figures 17, 18, and 19 shows that at any time up to
about 100 days poet-irradiation the survivance of NED-treated nice is greater
tVan that of PAPP-treated nice, which in turn is greater than that of control
nice receiving vehicle only. Thue, based on survivance, we would oonolude
that, in this range of drug and radiation doses, WA protects more effective-
ly than PAPP against high-etergy protons.

1o Previous studios of radioprotection against 440 May proton radiation
have been replicated and extended confirming the original conclusion
that pre-irradiation treatment with ME1 and PAPP are able to reduce
30-day mortality in CF1 nice.

2. A now assay parameter, survivance, defined as the time integral of the
fractional number of minMT survivi to a given time, ic introduced
and several of its properties and intended uses discussed qualitative-
lylp

3o Judged on the basis of the survivance at 100 days, PWA protects more
effectively than PAPP against 440 4ev protons.
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THE VIWNE OF MWM TO LOW 2 VELS OF OMe4 at PAST NEUTRON
IRRADIATION ON THE LI7 SPAN OF ANIMALS

n. GOses and Kicroscopic Pathology In Nice Given Chemical
Eadi ptootie !Mu~ Prior to Irradiation wt

D. VesselinoItoho 7. Fitooh D9 0. Oldfield,
V. Pnsak, and J. Doula

report oAutopsy and histopathological finding. In the
tissues of CY, wae Me Mven 2-4eroaptometbylamine (MA) or p-.mnop•pio-
phmione (PAPPI prior to vhole-body irradiation with high-energy (4O Zev)
protons or x-rqvso

Imediate or ultimate application of the resultst Infomation is
needed concernR the reltive biological effectiveness of high-energy protons
in mnsmlian systems. Having begun studies to obtain infonmation of this type,
it was advantageous to concurrently evaluate the ability of chemical radio-
protective agents to prevent damage to such systems. In addition to the practi-
cal value of such studies, they are of considerable theoretical interest with
regard to the relationship of LET to radiation injury and to the meohanisi of
action of the chemical radioprotective agents. The studies described in this
report constitute part of a program designed to provide information on the bio-
logic effects of high-energy proton irradiation, protection against those ef-
fects, and a comparison with results obtained using radiations having other LIT
values (10-50 Ylev electromn, relativistic neutrons, lower energy protons#
etOe).

Previous studies describing histopathological findings in the tissues
of proton-irradiated animals have been designed primarily to investigate the
therapeutic value of suoh radiation in the treatoent of malignancies and for
radiosurgeryo As a result, the information obtained concerns mainly the efj-
fects of partial-body localised irradiation rather than of whole-body exposure.
The possible uses of the unique properties of high energy protons, deaterons,
and alpha particles in onoology, neurology, etc. have been discussed by Wilson,
Tobias, Falkmr, and others (1-7) in reports which include descriptions of the
pathologic effects of proton been irradiation of the pituitary, bypothalmus,
and of other parts of the central nervous system. A comparison of the cataracto-
genic effects of protons and alpha particles in the monlay has been provided by
the studies of Zellmr and Anlan (8) who conclude that the RBE for cataracto-
genesis is about 2.0 for proton irradiation and about 1.0 for alpha radiation
relative to oobmlt-60 goima radiation. Wagshaw and Oldfield (9) found that 90
Rev protons are about tw tines as effective as 250 Kvp x-irradiation in re-
diciag• the weight of the spleen and thymus of whole-body irradiated 1AF1 mice,
The only other whole-body proton irradiation studies with which we are hmiiar
are those of Tobias, Anger, mnd Lawrence (20) who used strain A aice axposed

135



136

to 315 Hev protons and Kur2~yandyukya end coworkers (3-) who irradiated whit.
male alee with 660 Mew protons& Because of the apparent scarcity of infor-.
mation concerning the histologfical effects of whole-body proton Irradiation
In animtals, It was of interest to carry out both gross and microscopi* ernien
nation of the tissues of mice expoeed to UiO Now protons In one of the current
progreis of this laboratory.

The studies presented in this report comprise the initial observations
made in those mice dying within 30 days after exposure to either protons or
x-rays. A relatively small nmbser of the animals exposed to each of the dose
levels of either protons or x-rqin have beow exemned and onl~y those which were
exposed to the higher radiation dose levels are presented in this report. Ad-
ditional studies have bee carried out in which groups of mice exposed to either
WOu Nev protons or 250 Xvp x-rays have been serially sacrificed daring the Ini-
tial poet-irradiation period# and it Is planned to extend these studies 40 In-
clude an Investigation of the pathogenesis of sewe of the delayed effects of
extposure to the two types of radiation.

Materials and Methods, Detailed descriptions of the physical and bio-
logical methods employed In the irradiation of the animals have been presented
In a previous report (12). All1 of the mice used for the present study Were OF~
adult males (15 to 19 weeks of age) selected from several shipments, randomizZ.
end assigned to the various protected or control groups shown In Table 1, Only
a smal fraction of the animals exposed at each doese level were included In
these studies and onl~y those dose levels which produced appreciable mortality
within the 30 days after the radiation exposure have been Investigated* The
tissues of irradiated mice were obtained from animals which died during the
first 30 days after radiation exposure or which were satrificed Sn an obvious-
2y moribund condition. Daring the poet-irradiation period, the cages were in-
spected twice daily for dead mice and autopsies were carried out on all of the
dead animals except where post-mortem. utolyais made this impractical. The
following tissues were routinely taken fbor the. histological examinations
liver, kidney, spleen, heart, lungs,, tt~Mus, testis,9 lymph nodes (mediaatinal
and mesentaric), dudoenmna, pancreas, and steprma,.'The tissues were fixed In
neutral buffered formelin, embedded with paraffin, and stained routinely with
hesatoxylin and eovin. ?mroen sections of the liver of most of the animals
were prpred and stained with Oil Red 0 for fat. Sections of so~'i of the
hearts were stained with Prussian Blue for hinosiderlin and occasional sections
of the liver,, kidney,, or lung were stained with metbyleme blue for bacteria*
Several sections of the spleen from these animals and some of, the bone marrow
sections were stained with Asure-eoninaties

Resmlts

Gross gatho a findl u in mice exoed to whole-hok grotan or x-radli-
Mon nd eWuenoe or re-Irra iton admzsration or ra lopro et

agents on-these findingsh major gross pathao-logi TIdIngs in Mhe proton-
irradiated mice are s~iag'ised in Table 2. The most frequent pathologic finding
at autopsy in these animals was hemorrhage in the form of patechia. or echymosis
Involving rather large areas of the affected organs.. The organs most frequently
Involved were the lungs, testis, brain, lymph nodes, and adrenal glands. Hemor-
rhages were also obsorvp In various parts of the gastroibtestinal. treat (in-
"luIng the live,), In the urinary bladderp kidner, abdominal saboutaineous
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?ABIZ I

UNE 01F A ND4AIS KKAIJTNED AND MAN TDIE OF DEATta
7OR VARIOUS RIOTON DOSES AND CIMMAL

PROTECTOS

Proten Radiation Dose
Pr.-irradiatio _

Treatment
Group I Group II Group III Group IV

0 red 939 rads 820 rade 702 rads

Propyla2m glyool plus 5b 7 6 1

Water 5 6 36
11 9 11 16

EA5 6 2 2
ni 10 31 18

5 6 3 2
nPAPr 17 11

None 5

0o r sacrifice',
b~5;7 pogt-injs~ction.
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TABLE 2

FREWENCY AND SEVERITY OF MAJOR GROSS R THOL•IC FI•IN
IN PROTOK-IRRADIATED MICE

Proton Radiation Domes

Major Grose Pathologic Cecal Poet-
?widugs Group I Group I Group III Group IV

0 red 939 rade 820 raud 702 raud

Propylene glycol 015 3/7 2/6 O/A
and water bb,b apb

Water 015 4/6 1/3 2/6
Hemorrhagic fboei in aaab a a,a
liver and lungs NA 0/5 2/6 2/2 1/2

ab a,a a
PAPP 0/5 2/6 1/3
None 0/5 aoto soo

Propylene glycol 0/5 2/7 3/6 /1l
and water a,d a,b,c

Hemorrhages in the
testis and sometimee Water 0/5 2/6 1/3 3/6
mesenteric lymph node, bb a ab,b
adrenal, bladder, HFA 0/5 2/6 //2 02GoIoTo cnrv, lp; b,b
kidne PAPP 01/5 3/6 1/3 1/2

babsb a a
No•e 015

Propylene glycol 0/5 1/7 3/6 O/i
and water b a,a,b

Patchy hemorrhages Water 015 1/6 0/3 1/6
in the brain a a

0A 015 0/6 1/2 0/2
a

PAPP 0/5 2/6 1/3 1/2
a•a a a

a mLldv b a moderate, c * makred, d * very marked
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TAKLE 2-Contimed

Proton Radiation Doses

Maj~or Gross Chemical Protector@ Group I Group II Group III Group IV
0 rad 929 rads 820 rads 702 rade

Propylene glycol, 015 1/7T 1/6 OA1
and water b a

Water 0/1 0/6 0/3 3/6
aaa

Fatty livenrs 0/5 1/6 2/2 012
b aa

PAPIP 015 1/6 2/3 Von
a a,,a

Nore 0/5 .00 .. ,

Propylene glycol 0/% 1/? 0/6 O/A

and water a

Water 015 0/6 0/3 1/6

Necrotic liver MUA 015 0/6 0/2 0/2

PAPP o/0 0/6 o/3 0/2

None 01% 0.o



tiscsuoi, and even in tike heart, of' a few aiuitials given tho highest do..ae of
whole-body proton radiation. Another frequant findine wias modir~ta to marked
fatty chmngeo in the liver. One of tlio mi~i a S in och of tha hig-i Joao, 2&vel
groups had pin-point grayish nlodules in Cie livcr. There was a soft stone In
the urinary bladder of one mouse Civer the iti~hoent eose of proton radistion
and an abscess-like lesion -was soon in theo ophthal.nic lobe o:f' t~he brutin In a
mouse from the group given 702 raed of protonh.

The major gross pathologic findings in the x-Irradiated mice are sume-
rised In Table 3s Hemorrhage* similar to those seen in the proton-irradiated
animals were seen in mawr of the x-rayed mice. The organs most frequently In-
volved were the brain# lunges testis, and kidusys. Fatty livers, mostly of
mild dupesp were also observed occasionally and one udimul had pin-point
whitish spots in the liver*

The spleen and testis weights for non-irradiated groups of mice given
the various pro-irradiation treatments U1 days before sacrifice have been corn.
cared with the values from the animals given 939 reds of proton radiation. The
resut we presented in Figures I and 2. It cam be seen that at death# both
spleen and testis weights are depressed relative to those of noak-irradiated
animalms. The fractional decrease found Is greater for msplen than for testis
an there is no marked indication of any reduction In weight loss due to the
aidinistration of the protective substances.

Microscosd indiqnts in the tissues of mice wexj"s to WhOle-b
proton or x-radiation with or without prior treatment oy hemical radiggro

teciveiotseThe results of the microscopic aucwdnation or the Unises or
m1inau In~cluded in these studies are presented in Tables 4~ and S. The

kmajor findings were seen in the spleen, bone marrows, liver, and testis.

Spem There was mild to marked atrophy of the lymphoid tissue in
all of tW-groupa exposed to high-energy protons and the severity of these
changes appeared to be related to the radiation dose admnistereds, An inter-
esting finding was the apparent faster recovery of the hsmatopcietic system in
the animals given the radioproteotive agents prior to the proton exposure. The
recovery of the cells in the mWyloblastic and ry'throblastic series appeared
to be =o9 rapid In the mice given either the MEA or the PAP? prior to exo-,
srze. Comgestion of the spleen was marked In several animals at each doess
level of Wrotmn radiation. Kxtimuedullary hematopoiesi. was present In the
spleen. of all nan-Irradiated control alic In marked to moderate degree.
Extramdullary hematopaoisis was absent or markedly reduced In all of the
nom-prboeqted proton Irradiated animalsq but was present in the sice protected
by eitheMrNA or PAPP. lbmosiderosis was noted In all of the: animals examined
and did not appear to be related in degree to the radiation exposure.

In the x-rayed mice, there was atrophy of the lymphold tiessu but this
was less mrked In the mice given the radioprotective agent. prior to the x-ray
exposure. The mice treated with PAP? and MEA exhibited atrophy of the lymphold
tissu also, but recovery of the hematopoietio cells ini these animtals (particu
larly of the granulocyotic series) appeared to be stimulated. Th. non-protected
x-rayed mice exhibited moderate congestion of the spleen., The non-protected
aloe exhibited lews utramedullary buiatopodeals in the spleen them, the mice
givma either =RA or PAPP9 The pro-irradiation administration of the
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TABlE 5

,REWJENCY AND SEVY TY OF MAJOR HISTOPATHOLOGIC FINDINGS
IN X-IRRADIATED NICE

Meuor Hiatopatholoio Findings -R~t±0U DeSOProtectors 666 reds

Spee PG+ 0 4~A~ 0Cosd.
Iii~p1b of the ,b'pho'd HjO 3/. Oeo
taune N MA 1/j2b

PAPP 2/2 ab

Ya2obabatic c.U recovery PO %20 OA
particularly In the mspen 0/

PAPP 2/2 bo

PQ + H20 3A b,bo

Congestiou of the spleen 2 bb

PAPP 0/2

Bons mr row O + H0 3/3 cc, d

H 2 O 2/2old
Hypocallularity oP 1/2

Iu + H20 0/50Yqeloidhye rpai 0/2

S2/2 cad
PAPP 2/2 bb

FG +H203/3 0,0,
Congeetion of the bone H 02/2PO
narrot 1/2 b

PAP?- 1/2 a

H 0 1/3 a
Extramedullary heiatopoiesis X 2/2 bo

PAPP 2/2 0,o

PO + H20 A3 aasb
Hamoeldaois y 3/3 8,b~b

PU'O 0/2
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TABLE -- Continumd

Chmical X-Radiation DoesMajlor Ht U togle lo J Protector@ 666 reds

Ttmn FO ÷ H20 2Aao
Atropby of the tbma B20 / b

MIA 0/0
PAPP 0/0

Liver MG, + H20 3A abb
Irregularity in sise and 112 3/ apb, b

ships of the nucle MA 2/2 &,a
PAP? 2/3 b,,c

"H 2 0 2A bpo

Focal necrosis za
PAPP 1/3 d

Thou~~F +iu~rig H20 14 bP b o al h e mo r r h a g es in th e H , VO Nliver I&

PAPP 0/3

Testis PG +H2 0 OA/i
- 1~~02/3 apb

Focal aupermatogenansi 0E 2/2 a,b
PAPP 3/3 abpd

PO +H20 l/4b
ConAstion P 0/3

PAPP6/



radioproteotive agents thus appeared to enhance extramsdullary hematopoiesis
in the x-rayed mica.

Done marrow. All of the vdoe exposed to the proton radiation exhibited
hypocellUAMOWEof moderate to very marked severity. The effect appeared to be
directly related to the administered proton doese and was less severe in the
mice pretreated with the radloproteotive agents HEA or PAPP before the radi-
ation exposure. In the boas marow sections from the mice given 820 W' 939
fads of proton radiation, the only cells which remained in several areas ex-
auibed were the sinusoid lining cellsp a few phagocytes and som quite abnormal
msgakariocytes. Other areas contained also a few plasma cells* Congestion of
the bons marrow was another frequent finding in the proton-irradiated nice and
the pre-irradiation adminietration of PAPP and M•A decreased the severity of
this effect. The administration of the radionrotective avents appeared to
stimulate recovery of the cells, particularly the myeloid elements. PAPP ap.
peared to be somewhat more beneficial in this respect although there was little
significant difference in the final histological effects in the anim•la given
the two agents. Recovery was also observed in same of the animals given the
lower dose (702 rads) of protons.

The x-rayed mice also exhibited hypocellularity and congestion of the
bone marrow. These effects were less marked, however, in the mice pretreated
with either MUA or PAPP. There was also enhanced recovery of the cells in the
bone marrow sections from the MEA and PAPP-treated anial but contrary to the
effects seen in the proton-irradiated animals# MEA appeared to be more effective
than PAPP in promoting recovery in the x-rayed miceo

Thyus. Atrophy and congestion were frequent findings in the thymus
of the proton irradiated miceo The radioprotective pretreatment partially pre-
vented these changes and cellular recovery in this tissue appeared to be some-
what accelerated. Lymphadenitis was observed in one of the mice given 702 rods
of proton radiation, and one other animal given this dose exhibited an abscess
in the mediastinal fat. The histological effects of the proton irradiation in
the mesenteric and mediastinal lymph nodes were similar to those seen in the
tymus except that the lymphoid atrophy was often accompanied by severe sinus-
oidal dilatation and occasional hemorrhaging. These changes were also less se-
vere in the wnimals given the MEA or PAPP pre-irradiation treatments

Mild to moderate atrophy of the lymphoid tissue of the thymus and lymph
nodes was also observed in the nice exposed to whole-body x-irradiation and
these changes were again reduced in severit in the mice given MEA or PAPP prior
to the x-ray exposure.,

Testis, There was atrophy of the seminiferous tubules in the mice
given 702--goa of proton radiation with or without the radioprotective treat-
ment. Focal aspermatogenesis of same of the tubules was present in a few of
the animals given 820 and 939 rads of proton radiation. One of the animal
pretreated with PAPP which survived for 34 days after 939 rads of proton radi-
ation exhibited a nearly complete aspermatogenesis. There was a marked decrease'
in the number of germinal cells and in some tubules only the Sertoli cells re-
mained, while in others bizarre spermatogonia and spermatocytes together with a
decreased number nf sperm were present. Mitotic figures were absent in the
cells of many tubules and markedly decreased in others. Most of the sections
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Focal aspermatogenesis was observed in the testis of a few of the
x-rayed nice and in all of the x-rayed imals which had been given either
lEA or PMW prior to the radiation e sposie. The severity of the changes ap-
peared to be greater in the protected group of mice. Congestion of the Inter-
stitial tissue was also noted in the x-rayed mice given 666 rads. The findings
in these animals were generally sindlar to those seen in the mice given proton
irradiation.

Liver. Most of the animals exposed to the proton radiation exhibited
vacuolizai-cn of the cytoplasm of the hepatic cells in the periportal region.
Similar changes were noted in a few of the control animals. The sections of
the liUvr of mice which exhibited these changes stained positively fror fat with
Oil Red Oo Another frequent finding in the proton-irradiated mice wan mild to
meodwrte irregularity of the hapatic cell nuclei. Both byperchromic and pale
nualei were observed and there were scattered foci of necrotic cells with
hmorrbage in sections from several of the proton-radiated mice. The hemor-
rhagic lesions were reminiscent of pelioeiu hepatis in humans in that there
appeared to be dissolution of the liver framework with subsequent filling of
the spaces with blood.

Vacuolisation of the cytoplasm was seen in the hepatic cells of most
of the mice exposed to the whole-body x-irradiation. These sections also
stained positively for fat with Oil Red 0. The size and shape of the nuclei
varied considerably in the x-irradiated mice and there was moderate to marked
focal necrosis in several of the liver sections. Massive focal hemorrhages
similar to those seen in some of the sections from the proton-irradiated mice
wrre observed in sections from one mouse which had been given 666 rads and In
another given MF£ prior to the x-ray exposure*

Hearto. Some of the mice given 939 rede of proton radiation exhibited
a browni•."'granular pigmemnt in the atriovebtricular valves, atrium and endc-
cardium of the right ventricle and similar chengen were also noted in the
hearts of some of the animals which received the 820 red exposure. Although
this pigment appeared to be similar to hemosiderin iv .Vorphology, color, e*tc,
it did not stain with Prussian Blue. There were subendocardial hemorrhages
in a few of the animals given a proton dose of 939 rade, and one animal given
820 reds exhibited an inflanmatory node in the pericardial fat.

Focal subendocardial hemorrhages and brownish pigment in the atrium
and endocardium of the heart were seen in several of the x-irradiated animals
in both the control and protected groups of mice.

Bain. Focal hemrrhages were observed in the cerebral and cerebellar
gray matý-'f sons of the proton-radiated animals. Hemorrhagcs confined to
the subdural space were also noted in these animals. Only a few of the x,-rayed
mice exhibited hemcrrhages in the brain, and all of these were subdural
hemorrhageso
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Lg. Peribronchial and perivascular accumulations of chronic inflam-
matory ceals were rwesent in mild to moderate degree in most of the control
mice and in same ;f the proton-radiated animals. Acute and chronic bronchitis
and pneumondtis were also observed in a few of the control and proton-irradiated
animals at all dose levels. The severity of the lesions was greater in the
irradiated animals, although the frequency of occurrence was smaller. Mild to
very marked eongestion was a rather frequent finding in the irradiated animals
and was present at each dose level. It appeared to be somewhat less marked,
however, in the mice pretreated with either PAPP or MEA prior to proton irradiation.
Atelectasis, hemosideroisi, and edema were also observed in a few. of the animals
examined and did not appear to be related to either the dose of protons or the
pre-irradiation treatment with the radioproteotive agents,

Acute and chronic bronchitis and pneumonitis was observed in the x-rayed
mice with or without the pre-irradiation protective treatment. Congestion was
also a frequent finding in the se animals and did not appear to be related to
the administration of the protective agents.

in Perivascular accumulations of chronic inflammatory cells were
observed ina few of the proton-irradiated animals. Extramedullary hemato-
poiesis was seen in one animal given 666 rads. Congestion was found in sections
from a few of the animals and most of the mice exhibited some degree of terminal
bacteremiao

Discussion

The gross and microscopic observations presented in this report were
carried out in an effort to determine whether significant differences exist be-
tween the pathologic effects of whole-body exposure to high-energy proton radi-
ation and those of x-radiation. Although relatively few animals were examined
at each of the dosage levels included in these studies, it seems likely that
differences in the pathologic etfects of the two types of radiation are more
quantitative than cualitative, The evaluation of the effects of the proton and
x-ray exposures is complicated by the fact that in the present studies obser-
vations were made in terminal mice. Additional studies have been carried out
in which the irradiated animals were sacrificed serially in time, and it is
anticipated that examination of these mice will provide information concerning
the pathogenesis of the lesions Ohserved in the present studies.

The major effect of the acute proton exnosure in the present studies
was atrophy of the lymphoid tiss.ue in the spleens thymus, and lymph nodes;
hypocellularity of bone marrow ias also marked. Both of these effects were
seen also in thm x-rayed mice, Of particular interest was the finding that
there was an enhanced hematopoictic recovery in the mice which were given
radioprotective atents prior to either the proton or x-ray exposure. I.A and
PAPP stimulated recovery of bot'. the myeloblastic and erythroblastic elements,
and, although the differences were not marked. PAPP appeared to be more effective
in this respect in the proton-,Lrradiated mice while MBA appeared to offer some
advantage over PAPP in the x-r"ayed mice. These differences suggest that there
may be significant difference ; in the ability of the two agents to protect
against radiations of diffore it LET values, and they tend to support the re-
sults of the mortality and lvagevity studies described elsewhere in this re-
Port (13.fl
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Another major pathologic finding in the present studies wan the
atrophy of the seadniferous tubules in the irradiated animals* The injury
of the sweiniferous tubules in the proton-irradiated mice was more severe in
the goup given 702 rads than in the mice which received the higher doses0
This unexpected finding is probably due in part to the differences in our-
vival time and consnequently in the time at which the mice were examined after
the proton exposure. Although the existence of testis radiosensitivity has
been known for almost 50 years (3.4) the detailed pathogenesis of this injury
has been described only relatively recently (15,16,17). The studies of Haller
(18) demonstrate that x-ray doses of 350 r result in loss of soermatogenesis
by the ninth post-irradiation day and disappearance of spermatogonia by the
end of the second post-irradiation week. In the present studies, there was
only a slight reduction of spermatogonia and spernatocytes in both the proton
and x-irradiated mice. The testicular atrophy was more marked, hewever, in
-he mice which had been given either of the radioprotective agents prior to
the radiation oxnosure. However, there was little indication from the changes
in the testis weight in the protected and non-protected mice that MZA or PAPP
either prevented or enhanced the radiatiou injury. Previous studies by Kaplan
and Lyon (19) and by Maisin et al. (20,21) have indicated that MRA does not
protect germ cells against x-ra&yTnjury whereas those of Hendl (22) and Wang
et al. (23) suggest that MEA inhibits the transient sterilizing effect of
TIng radiation.

The third major finding of the present studies was hemorrhage and con-
gestion in the lungms, testis, brain, liver, various pawts of the gastrointesti-
nal tract, and elsewhere. The changes in the liver were of particular interest
since the marginal hepatic cells were usually of nonual appearance and thickness
and there was no marked alteration of the architecture. The hemorrhagic pools
seen in this tissue are similar to those seen in pe~losis hepatis in humans
for which infla.miatory changesp liver cell necrosis and a variety of other
factors have been implicated in the pathogenesia (2Z-27)• Kent and Thompson
(28) have suggested that both general and local faetors play a role, and that
the development of the blood pools follows dilatation of certain groups of
sinusoidso

Thewtudies described in this report must be considered to be prelimi-
nary in nature because of the small number of animals examined, variation in
time of examination after exposure, and the relatively small range of radiation
dose levels considered. Additional experiental material from both the first
and second proton studies is currently being processed, and the results of the
examination of these tissues will be presented in subsecuent reportso
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THE INF CZ (F EXPSRE TO LOr T.1VELS CF GAMA CR FAST NEMCN
IRJLA[MATICU OR1 THE LIFE SPAN 0F ANIMI=L

IMI. Studies on the Toxicity of Rare Earth Caormmds and
Their Influence on RadiatiOb Lethallty

David W. Buce and Kenneth Pe DuBois

Ths repo een as Further studies on the acute intravenous tox-
ioity of the rae earth F sompound of the lanthanon series and in particular
studies conoerning the effects of praseeodyium nitrate on intermediary -
tabolism when administered alone or in conbination with whole body x-irradi-
ation.

Immediate or ultimate anplioation of the results: Because of the in-
crease in the indutrial utilization of the rare earth compounds, more infor-
mation is needed on their toxicity. Fually important is the effect of siml-
taneous exposure to rare earth compounds and ionizing radiations that could
result from a nuclear reactor accident. It is anticipated that this program
will provide information on the toxicity and biological activity of these
compounds and seaw of the problems that could arise from sinultaneous exposure
to radiation and fission products.

Studies on the acute intravenous toxicity of the rare earth nitrates
(1,2) have shown they are highl tcodc and that a sez difference exists with
respect to the light lanthanons. The ionized salts of cerium, praseodymiump
neodymium and sunarium were found to be 7 to 10 times more toode to female 11an
to male rats. In addition, it was found that sublethal doses of whole body
x-irradiation (50 r to 500 r) increased the number of observed mortalities 34%
to 63 over the mortality rosulting fron the intravenous administration of 2
mgm./kU. of praseodvmium alone as the nitrate salt (3). In studies using each
animal as its own control, it was found that intravenous administration of 2
mp.igm. and 4 mgm-./g. of praseodymiwn caused a proportional decrease with
respect to tim in the blood glucose of female rats during the 12 to h8-hour
period following administration. At any given time during this neriod the de-
crease in blood glucose after 4 mp-A&cm was twioe that seen after the adminis-
tration of 2 mgm./kp. X-irradiation (5N r) was found to augment the decrease
in blood glucose 24 hours after 2 mgm./kgmo of praseodymium (3). Placing female
rats an a high carbdhydrate diet by the administration of a sucrose-saline so-
lution ad libitum prior to the administration of praseodymium resulted in in
anparenU decrease in the todeity of this compound. Daily administration of
testosterone propionate (5 ugm-,Agm.) for a period of 30 days prior to 2 mgp./
kp. of praseodyndu. also prevented or m edified the resultant decrease in blood
glucose normally seen after administration of this compound (3)0

Materials and Methods. Adults male and female Sprague-Dwley rats
weighing 200 to 270 grias were employed for these experiments. The animals
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were I housed in air-conditioned quarters and given Rockland Rat Diet and water
ar specially prepared aqueous solutions containing 5% dextrose, 10% dextrose,
10% sucrose, or 10% fructose ad libitm. Unnoutralized aqueous saline so-
lutions of praseodymium nitrate were adMinistered intravenously by tail veinj
control animals received an equivalent volume of saline equal to 0.1% of the
total body weight.

Blood glucose (total reducing value) was determined by the method of
Folin and Malmroe (4) employing the micromodifications of Park and Johnson (5),
Serial samples of whole blood (0.05 mle in duplicate) were obtained by secticn-
ing the tail under local anesthesia. Glucose-6-phosphatase activity of the
liver of male and female rats was determined by the method developed in this
laboratory by DuBois et al. (6), The test system contained 0.15 ml. of barbital
buffer (PH 7.4)# 0-1=- of glucose-6wposphate (10 mom./mL)s 0.05 ml. of
0.04 M MgC1., 0.1 or 0.2 ml. of 25%, liver homogenate and sufficient distilled
water to make a final volume of 0.65 ml. The samples were incubated at 380 C.
for 30 minutes and the reaction terminated by the addition of 0.1 ml. of 5M
trichioroacetic acid. .the activity was expressed as micrograms of phosphmms
liberated per 5 mgm. of tissue per 30 minutesB Phosphorus was measured by the
method of Fiske and Subbarow (7).

X-irradiation was administered as a sinryle, total body emposure with, a
G. E. Maximar therapy unit. The radiation factors were as followst 250 KVP*
15 ma., 0,25 m., Cu and I mm. Al added filtration. The target-animal distance
was 75 cm. and the dose rate was 35 r to 36 r/minute as measured in air with a
Victoreen ionisation chamber.

The nitrate compound used in this study was obtained from Lindsay
Chemical Coampay, IWst Chicago, Illinois and the sodium salt of g2uccsee6-
phosphate from the Nutritional Biochemical Company, Cleveland, Ohio.

Results

Effect of intravenous praseo •± nitrate on the blood glucose of
male rats. Previs studies in this laboratory (2) demonstrated that intra-
venous a&xnistration of an approximal.e LDh-O of praseodymium (2 ragm,,/gm.) as
the nitrate salt caused a marked decrease in the blood glucose of female rats
but had no significant effect on the blood glucose of male rats. For this
reason it was of interest to see whether a similar effect on blood glucose
would be obtained if a dose of this rare earth metal approximating the LD5o
25 mgmi/kgm-) was given to male rats,

Figure 1 shows the effect of 20 ugm.Agmo, and 30 mnMoAgem of praseo-
dymium on the blood glucose of male rats. The values are plotted as per cent
of the initial blood glucose values. Each animal served as its own control
and each noint on the curve represents the average values obtained for groups
containing at least four animals,, The control values in each rat were obtained
24 hours prior to praseotymium administration. Serial samples were also ob-~
tained from control animals at each 24-hour period.

In contrast to the decrease in blood glucose observed in female rats
no appreciable change and perhaps a slight increase in blood clucose was oh'
served in rats receiving 20 m-mg.Agm. at the 72-hour test periodo In spite
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Figure 1. E~ffect of intravenous praseodymium
nitr~te on the blood glucose of male rats,



of the results obtained 20A of the animals given 20 mgm*oAn. and 30 mp./*kgm
succumbed during the first 72 howus while 40% of the total number of animals
receiving 30 avo.A/ . died between 72 and 120 hours post-injection.

Effect of intravenous preseodyiium nitrate on theA blood glucose of
female rats receiving dextrose, sucrose, and fructose ad libitum. In previous
tudies (8) it was found that a IC% sucrose-saline solution administered ad

libitun to female rats prior to the intravenous injection of praseodymium re-
uiiaTbe toxicity of the compoud by approximately one-half... Because of the

marked decrease in blood glucose observed after adminifstration of 2 mgu./gm-
of pwaseodymium (6), these studies were conducted to determine the effect of
ad libitum administration of sucrose, dextrose, and fructose on blood glucose.
The aqueous solutions were given five days prior to the intravenoev injection
of 2 mgm./Avu of praseodymium as the nitrate salt and continued throughout
the test periodj control blood samples and serial eanples were obtained as
-previously described.

The effect of ad libitum administration of dextrose on blood glucose
is shown in Figure 2. The values for control animals receiving either 5% or 10%
dextrose or water are not significantly different from each other or from their
init.al control values, Althmugh the amount of 5% dextrose consumed by each
animal during any given 2M-hour neriod ranged fr•a 2 to 3 grams, the dietary
modification did not chanpe the blood glucose nicture observed after adminis-
tration of praseodymium aloiie. The average values were 77% and 4l% of the ini-
tial control values at 24 and 48 hours respectively. Two of the four animals
succumbed during the 48 to 72-hour period. In contrast, the four animals re-
ceiving the 10% dextrose solution surviied the critical tie period and no
significant change from initial blood glucose control values was found at 24
hours, the average was 72% of the initial value at 72 hours o The average in-
take of 10% dextrose for each ani1m! during each 24-hoiw yeriod ranged from
6 to 9 gram.

In Filguwe 3 is shown the resultant blood glucose after administration
of 10% fructose and 10% sucrose ad lUbitunm. The variation in control values
from each other and from iuitial- ovalues is approximately the same as
found in the control animals receiving dextrose. The administration of 10%
fructose afforded no protection against the decrease in blood glucose caused
by the administration of 2 mmn./Agm, of praseody~iiuri The blood glucose aver-
aged 8% and 61% of the initial control values at 24 arA 48 hoirs respectively0
This is almost identical with the values of 82% and 59% obtained 24 and 48
hours, respectively, after praseodymium was given without dietary modification.
As in the . case of the 10% dextrose, the average intite of fructose for any
24-hour period was 6 to 9 grams for each animal. Two of the four animals died
during the 48 to 72-hour period. Each of the animals that received the 10%
sucrose consumed between 7 and 10 grams per day and all animals survived the
test period. Twenty-four hours after prays odymium the blood glucose was 76%
of the initial control value; however, it decreased only 5A, to 71% of the inii
tial control value at 48 hours, All of the sugar solutions seemed to enhance
the reco.,ery of the blood glucose of survLving, sanimals.

Effect of intravenous praseodymium and wihole body x-irradiation on the
glucose-&- ho hatase activity of er- -ofmale and fe le r-atsq. n u-tAdl-es
on the glueose-b-phosphatase activity of adul m ea an-- femaerts9 DuBois
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at ale (6) found the ensyme activity to be 29% lower in female rats° Similar
results were obtained by Shull and Bautise (9) who found in addition that
daily treatment of female rats with 10 mM. of testosterone propionate for a
period of two weeks increases the activity of the enzyme to almost the level
of normal males. Previous studies in this laboeatory (3) demonstrated that
administration of testosterone propinates, 5 mgm./day for a period of 30 days,
prior to the iutravenous administration of 2 p,/cge. of praseodymiu modified
-o prevented the decrease in blood glucose during the 24 to 72-hour period
following praceocnmium.

The results of administration of praseormium and x-irradiation on the
gluoose-6-phosphatase are shown in Table 1. Duplicate ,assays were made with
and without the addition of magnueium and the results are expressed as the
mean plus or minus the standard deviation. The values obtained four hours
after the intravenous administration of 4 mg./kgm. of praseodymium or 24
hours after 500 r of x-ray do not differ significantly from the control values.
An 18% to 25% decrease in glucose-6-phosphata3se found 24 hours after praseo-
dymium when given alone or in combination with x-ray may in part be attributed
to the accumulation of fat in the liver0

The glucose.6-phosphatase activity of liver of male rats was reduced
to the control level observed in females at 4 and 24 hours after intravenous
administration of 20 mgm-Agm. of praseodymium. Whether or not this decrease
is of any significance, studies in this report would suggest that it is not
sufficient to have an effect on the blood glucose of' male rats.

Influence of whole .bod radiation on rare earth toxicity. Continuing
studies (3) on the influence of varying doses of whole bWody x iradiation on
mortality in female rats receiving prviseodymium are shown in Table 3o Groups
each containing 5 or 10 animals were given rare earth nitrate or x-ray alone
or in combination. Praseodymium nit.-te was given 10 to 15 minutes prior to
whole body irradiation. No mortalities occurred among the irradiated controls
given 500 r of x-ray nor among, animtls receiving 1 mgn.•gm. of praseodymium.
One mgm./•kgm of praseodynium when g.ven in combination with 500 r and 300 r
of x-ray resulted in 3313% and 20.C% mortality respectively. Further studies
are being conducted to more fully evaluate the combined toxic effects of
praseodymium nitrate and whole body :.•adiation.

DisCu3sion

The rosults of previous stud!.es on the acute intravenous toxicity of
praseodymium nitrate indicated that ,his compound is approximately ten times
more toxic to female than to male ra&s (1). From our studies in female rats,
it would seem that the magnitude of the observed decrease in blood glucose is
sufficient to produce mortality. Tie protection afforded by the ad libitum
administration of 105 dextrose and '0% sucrose tends to substantiate Thi
conclusion. These studies also suqjest that a diet high- in carbohydrate is
necessary to prevent mortality sinoc the intake of 2 to 3 grams of dextrose
did not prevent mortality. The fai.Lure of fructose to protect against mor-
tality may be due to the differenct in metabolism of this compound by the
liver. Fructose conversion to frumtose-l-phosphate and subsequently to di-
hydroxyacetone phosahate and glycevaldehyde and possibly plycerol might have
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TABI 1

EKCTS OF NTORAVI OUS A !SEODMIUM NITRATE, AND W.1K)OLE
BODY X-IRRADIATION ON TqF, OLUCOLM-PHOSPHATASE

ACTIVITY OF THE LIVES CF FE14ATE RATSa

Hours After Treatment

Treatment 4 Hours 24 Hours

No Mg Mg No MgJ )4

Saline ocontrols 24.6 1 ý17 30.2 t 4.41
(8)

Praseodymind nitrate 24.7 t 1.16 29.6 t 2.13 20.2 -+ 1.91 22.6 - 1.51
(4) (4) (8) (8)

4 mem.Apg. metal
Saline plus 500 r 2h.l. +t 1.99 29.7 1 2.46

x-ray (4) (4)

Praseoddmiun nitrate 19.1 1 2033 24.4 t 2,52
4 mgm./1k. metal plus (4) (4)
500 r x-ray

aEach value given as the mean + the standard deviation,

Number of animals°.

/
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TABLE 2

EFFECT (W IN1TRAVE•OUS RSEM)WDD4• NITRATE ON THE
GLUCc6E.6-PHOSP{ATASE ACTIVITY OF TIE LUVER

OF A•1LE RATSa

Hours After Treatment

Treatment 4 Hours 24 Hours

NoMg Mg No Kg Mg

Saline control. 29.6 ± 5.O5 37.0 1 3.66
(6) (6)

Praseodymium nitrate 23.5 t 1.82 30.8 ±: 2.46 25.0 t 2°33 31.7 ±t 3.09
20 mgm./kgm. metal (4) (4) (4) (4)

aEach value given as the mean - the standard deviation.

%umber of animas.

TABLE 3

THE INFLUECE OF VARYIG DOSES OF WHiIl BODY X-IRRADIATIOU
ON THE MORTALITY OF IALE RATS GIVEN FRASbTDYMhIti

NIT.7ATE INTR.,AV9OUSLY

Treatment Mortalitya % Mortality

Praseodymijum nitrate 1 rmA./kgm IV 0/10 0.0

Praseodymium nitrate I mgm.Apgm. IV
plus 5oo r 5/15 3303

Praseodyniun nitrate I m-gAgmo IV
plus 300 r 2/10 20,0

4kortality da:a based upon 10-day observation period.
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an adverse effect on the toaity of praseodymium. Studies by Snyder at al.
(10) showed that the fatty infiltration caused by cerium consisted pri:L-cTi
of neutral fat easters. The administration of an e"uitaxio dose of yraseodymium
to male rats had little effect on the blood glucose. The resistance of males to
this biochemical change may be of significanee in their lesser susceptibility
to praseoodyium.

The decrease In glucoue-6-phosphataae activity in female rats at 24
hoars after praseodyRi u alone or in combination with x-irradiation may be the
result of accmulation of fat in the liver since no effect was observed fou
hous after administration, a time of maxima fixation of the light lanthanons
by the liver (U).

1. Intravenous administration of 20 mgm./gm,. and 30 mgm./kgm. of praseodymium
an the nitrate salt caused no significent decrease in the blood glucose of
male rats. This is in contrast to the marked decrease in blood glucose in
female rate caused by an equitoxic dose of this compounda

2. Evidence presented in this report indicates that dietary intake of 6 to 9
grams per day of sucrose or dextrose by female rats will prevent the mor-
tality resulting from the intravenous administration of 2 ruo./kgmo of
praseodynium as the nitrate salt. Dietary intake of 2 to 3 gram of
dextrose or 6 to 9 grams of fructose per day was ineffective in preventing
mortality. The results suggest that the mortalities are due to the decreased
blood gluc as e.

3. Intravenous administration of 20 mgm.Agm. of praseodymium to male rats as
the nitrate salt reduced the glucose-6-pbosphatase activity of the liver 17%
and 15• in 24 and 48 hours after administration, respectively. Four mgm./
kgm. ý praseodymium alone or in oombitrtion with 500 r of x-irradiation
had no effect on the glucose-6-phosphatase activity of the liver of female
rate four hours after administration. Fatty infiltration of the liver may
account for the 1IN to 25% decrease in activity found after 24 hours.

4. A 20A and 33% increase in mortality wa observed when a sublethal dose of
intravenous praseodymium (1 gm.fo) was given 10 to 15 minutes pritm
to 300 r and 500 r of whole body x-irradiation.
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Ta DIFIAJICE CF EXPOSURE TO LOW IVELS OF GAMMA AD
FAST NEUTRON IPPAnTATION ON THE LIFE SPAN

OF AWRIAL5

IV. Longeity in 71 Hyg.t .d Uffspring of Irradiated Mice

Ann M. Budy, John H. Rust, D. J. Mewissen, and
Robert D. Boche

This reprt concerns: The longevity of the hybrid offspring from
mice after irradiation of the male or famale parents.

Immediate or ultimate application of the results: This study was
initiated in tM laboratory* several yearn ago to extend the available in-
formation on the effects of ionizing radiations on the offspring from ir-
radiated animals, While the work was in progress, a preliminary communi-
cation (1) and several progress reports (2-6) were published., From the
standpoint of the usefulness of the data obtained in this study, it seemed
appropriate to present it in a concise fc4 wi.th appropriate statistical
treatment of the data.

This experiment was designed to investigate the fate of hybrid off-
spring of an irradiated and a non-irradiated parent., The objective was to
ascertain whether a single dose of whole-body x-irradiation delivered either
to the male or female parent would be followed by a change in the life span
of the progeny.

Since mutations induced by ionizing radiation are mostly deleterious
and not completely recessive, it seemed feasible to determine their total
additive effect by a comparatire study of the relative fitness of successive
F, litters as measured by the life span.

The progeny from a first mating of parints, prior to irradiation,
served as the control group. Later pro.enies were obtained from successive
matings of the same parents, after either the male or female was irradiated,
and served as experimental groups.

Substantial indications of harmful influences are to be found in the
work of early investigators. Timofeeff-Ressovsky (7) studied "Vitilitats-
nmtationen" from irradiated Drosophila and found this class of mutations to
be very numerous compared todethals and fisibleso Hertwig (8) irradiated

*This work was initiated at the University of Chicago Toxicity Labora-
tory under the support of the United States Atomic Energy Commission, Con-,
tract No. AT(nfl)-37, and continued at the University of Chicago United States
Air Force Radiation Laboratory, Contract No. AF-33(038)--27353, with additional
funds from the Rockefeller Foun. 'ation for the Section of Nuclear Medicine,
University of Chicago.
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the teat.. of mice with x-rays and recorded the mortality for the pro- and
post-sterility litters during the first 75 days after birth. She found an
increased mortality during this interval for litters conoceived before the
'onset of the induced sterility, but nuch less evidence of this in the later
litters.

Stem and Nbvitski (9) have shown that many recessive lethals have
some deleterious viability effects in heterosygous individuals. These via-
bility pheomena in Drosophila have been studied further by Stern et al. (10),
Moriwaki et al. (nl), i rdIcI and Mukal (12), and Falk (13).

Muller (314,35) has estimated recessive detrimental mutational effects
in Drosophila to be about 10% with 150 r exposure in the irradiated male.
Foster et alo (16) in a study of the effect of whole-body x-irradiation of
trout rpFfd mortalities of 3o5% in controls as compared with h4.7% in
fingerlings from parents receiving 1,000 r.

Russell (17) reported reduction of life expectancy of offspring con-
ceived 19 to 23 days after exposure of male mice irradiated in a neutron flux.
Recently Spalding and Strang (18) irradiated male mice in each of ten gener-
ations and found that mice from the irradiated germ line were approximately
24% lass resistant to protracted gamma-ray stress than were controls. The
data suggested that the inheritance of a genetic burden of recessive and/or
sublethal mutants was detrimental to vurvival under conditions of extreme or
abnormal environmental stress.

Materials and Methods. In an attempt to investigate possible differ-
ences in traniTEnTUSjhrWMi effects, originating from either the male or
female parent following x-irradiation, the present study was divided into two
parts. The female parent was irradiated in one and the male parent in the
other. The parents were males and females of pure inbred strains dba line 1
and C-Si Black subline 6 from Jackson Memorial Laboratory, Bar Harbor, Maine.
They were four to five months old at the start of the experiment.1 Each pair
of parents consisted of a male or female C-57 mouse and a dba mouse of the
opposite sex. The C-57 parent, whether male or female, was the irradiated
member in all groups. The two crosses are referred to as dba female X C-57
irradiated male and C-57 irradiated female X dba male.

The study was completed in two successive identically designed ex-
periments, series A and series B, which were started one year apart. The
purpose of the replicate (series B) was to increase the sample sizes for
appropriate analysis.

In series A there were originally lh dba female 1 C-57 irradiated
male matings and 15 C-57 irradiated female X dbe male matingso In ser:Os B
there were 29 dba female X C-57 irradiated male matings, and 30 C-57 irradi-
ated female X dba male matings0 The parents were first mated prior to
x-irradiation and the offspring of this mating, i.e., the weanlings, served
as controls. In the second step of the experiment, at a 56-day interval
after the first mating, the C-57 parents-males or females--were given 200 r
of whole-bocy x-irradiation, using either a 250 KVP Kelekett or a General
Electric Y.aximar X-ray machine. Physical factora were 1.0 mse of Al and 0o5
me of Cu, 15 ma., 60 me. source-target distance. The dose was delivered in



three minutes in series A and four minutes, twenty-four seconds in series B.
The animals were exposed in groups of fifteen in perforated gelatin cells
placed on a slowly revolving turntable. Following exposure, the 0-57 mice
were returned to their unexposed dba mates and allowed to breed for ten days.
In subsequent steps of the study the same pairs, if still alive, were mated
at 120 and 180 days after exposure. The total Yl generation offspring of all
these matings were kept for the duration of life in the same room, on the aver-
age of three animals per cage, under standard conditions of food, housing, and
maintenance., Sexes were separated and litter mates were kept together for the
duration of the experiment.

Results

Breeding. Breeding data are presented in Table 1. Thore were fewer
pregnancies,in most instances, for each successive mating when the irradiated
parent was the male. There were no significant differences between the con-
trols and the l0-day mated irradiated females in the number of successful
matings. Permanent sterility was induced in irradiated females within 120
days after x-irradiation. In groups where the male parent was irradiated,
the litter sizes decreased sharply in t'he 180-day mating0

The sizes of the litters were not statistically different in the con-
trol and the 10-day offspring from irradiated males or females.

MortaliýZo The mortality data are presented in Table 2, in separate
sets forseries A and B. The groups of hybrids from, matings between dba fe-
male and C-57 irradiated male at 180 days post-irradiation were of small Aize.
Since variance analysis did not establish a significant difference in survival
times between the 180-day and 120-day groups, it was decided to pool the progeny
from both matingso

Cumulative survival curves are presented in Figures I and 2,for control,
10-day, and pooled 120 + 180-day offspring from an irradiated male, and control
and 10-day offspring from an irradiated female, respectively. Corresponding
groups from series A and B were pooled since variance analysis of life expect-
ancies at successive 6-month intervals failed to raveal significant differences
between such groups. Irradiation of the male parent. appeared to reduce the life
span of the offspring (Figure 1), as measured by the mean survival times. In
contrast, in the offspring from an irradiated female there was no evidence of a
decreased life expectany (Figure 2).

From the curves shown in Figure I, it was difficult to decide whether
the mortality pattern of the 10-day offspring was different from that of the
120 + 180-day offspring. Moreover, it seemed of interest to con-pare, on the
basis of respective mortality rates, various groups of mice of either sex, as
it is well known that female and male mice differ in this respect., Therefore,
computation of gompertzian rates was carried out at successive 6-month intervals,
using a method previously applied by Sacher (19).

In control groups of either sex, variance analysis of life expectancies
at successive 6-month intervals showed no significant differences between groupm
originating from cross-matinge of non-irradiated parents. Thus control offspring
was pooled by sexes to increase sample sizes.
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TABLE 1

.DMhG DATA

fa Nu ner of Average Total

Pregnancies Total Born Litter Weaned •

Series A

control 13/1h 71 51.5 52 31/21I 0 days 6/14 48 8.0 45 231/22

12 do" 3/11 16 583 n 8/3
180 2• 2/9 6 3.0 6 8/2

Control 15/A5 3-9 7.9 17 147/70
n 10 days 13/15 106 8.1 78 iW1/37

120 days 0/13 ... .. ..
180 days 0/13 ... .......

Series B

Control 20/24 101 5.1 78 35/43
l0 days 15/214 66 4461 29/32

180 days 7/18 22 3.1 9/13

Control 20/28 152 7.6 138 77/61
10 days 23/26 178 7.9 166 74/91

120 days 0/16
180 days 0/13 ...... .....31

*Group I dba famale X C-57 irradiated male. Group II s C-57

irradited female X dba male.

bTVo animals escaped after vea", and were discarded.
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TABLE 2

MORTALITY DATA OF OFFSPRING FROM IUJDIATED
AND NONWIRRADIATED PARENTS

SeriesA lSeries B

Intervals II
(Months) II I II

'Male Female Male Female Yzle Female Male Female

Control 0 0 1 0 0 3 3 1
0=6 10 days 2 0 3 0 2 1 1 3

120 + 180 days 4 0 2 0

Control 2 0 '3 2 0 0 4 1
6-12 10 days 3 1 6 1 2 1 0 6

120 + 180 days 0 0 8 1

Control 0 6 14 6 28 512-:18 10 days 17 i0 8 1 5 6 28 1.1
120 + 180 daye 0 2 o o 1. 15 oo 10

Control 19 5 31 11 13 8 21 29
18-24 10 days 1 6 19 5 3-9 12 .37 26

10-0 + 180 days 6 1 5

Control 5 6 5 30 a 24 21 21
24-30 10 days 0 3 5 20 1 9 8 27

120 + 180 days 2 2 0 6

Contirol. 1 0 1 20 0 2 0 4
30 and 0 days 0 2 1 I0 0 3 0 18over 120 + 180 days 0 0 0 0

Group I - dba female I 0-57 irradiated male,
Group II - C-57 irrndiated female X dbn walo.
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In computing gompertstan mortality rates a weighting factor was used
that was derived from the variances of proportion of mortality observed in
each group. The rates were computed from:

W 1 o

where 2h is the selected time interval (six months) and N(t) is the number of
animali-living at time t. Regression lines were fitted Sy'he maximum likeli-
hood method. Displacent of gompertrian -intercepts was estimated from mean
values calculated from the relevant regression equations. Whenever available
data-were Inadequate for regression analysis of the computed mortality rates,
the 95% fiducial limits of each representative point were computed. Tho re-
sulte are given in Figures 3 and 4 and Tables 3 and 4.

Satisfactory regression lines of gompertzian mortality rates were. ob-
tained for both sexes from control groups and from 10-day offspring, The
slopes of the Gomperts regressions did not differ significantly within groups
of mice of the same sex but did differ between sexes. Moreover, there was a
displacement of these Oompertz intercepts between sexes and between control
progeny and 10-day offspring. These findings suggested that: (1) there was
a specific age dependency of the mortality rate which appeared to be different
in progeny of either sex, yet independentof the irradiation experience of the
male parent, and (2) the displacement of the intercepts indicated that there
was an observable reduction in life expoctany in male and female progeny con-
ceived by irradiated males mated within ten days after exposure.

The offspring pooled by sex from the matings at 120 and 180 days after
the exposure of the male parent were too few to obtain a satisfactory re-
gression. Therefore, the 95% fiducial limits were calculated for the relevant
computed mortality rates. In groups of either sex the confidence limits for
the separate representative points tended to embrace the regression line corre-
sponding to the offspring conceived by males ten days after irradiation. It
was concluded that the reduction in life span for 120- and 180-day post-
irradiation progeny was probably equivalent to that observed for the 10-day
post-irradiation offspring, irrespective of sex.

Correlation analysis were carried, out on the data for 10-day offspring
from C-57 irradiated female X dba male. They yielded regression equations
whose linear coefficients were 0.157 for female offspring and O°282 for male
offspring (Table 3), These were divergent from the slopes previously estimated
for the offspring of reciprocal matingso Therefore, it was believed that they
did not provide an adequate basis for comparison, yet the shifts of the gom-
pertsian rates, estimated at the 15-monthe survival time were consistent with
previously computed intercepts (Table 4). Consequently the 95% fiducial limita'
of the computed mortality rates were also estimated. It may be seen (Figures 3
and 4) that the confidence limits tended to embrace the control regression
lines, suggesting that irradiation of the female, in contrast to the male, did
not affect the mortality rate of the progeny. All females were sterile at 120-
and 180-day post-irr-diation matingso
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Figure 3. Oompertzian mortality rates as a function
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'rho control includes anll male offspring from non-irradiated
parents.
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0.00001 _.t . . • . ..!
6 12 18 2h 30

Age in Months

Figure 4. Gompertzian mortality rates as a
function of age of female offspring of control and ir-
radiated male and female parents° The C-57 parent is
the irradiated member. The control includes all female
offspring from non-irradiated "parents.
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TABIE 3

G0MPERTZIAN SLOPES AND FIVUCIhL LIMITS

Time of Sex of 95 Per Cent
Conception e Offspring Fiducial Limits

dba female X C0-7 rio !Q 0.234 0 ,o016
Control plur q

C-°57 e I -ma F 085 "_0.O18

M 0 236 0050

0. 0oIfI - 0.037
10 days _ _

M M82 o o025
F 0 157 0.020

I M ooo •...120 + 180 days _+

II ~e. e ... ..... 00"

Group I - dba female X C-57 irradiatod male.
Group II - C•57 irradiated female X dbai maleo
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TABLE 4

DISPLACEENT OF GOI4PESTZ IAN RWVE.S
(NATURL LOG)

Oroups Compared Displacement

Control males and control females lo08

Control males and Group I males (10 days) ... 1,26

Control females and Group I females (10 days> . . 088

Control ,sales and Group II males (10 days) o o o . 6 . . . 0o05

Control females and Group II females (10 days) Oý23

Group I - dba feaale X C-57 irradiated male.
Group II - C-57 irradiated female X dba male,
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Discussion

Our findings on sterility, fertility and litter sises confirmed the
work of Genther (20), Strandskov (21), Snell and Ames (22), Heaeon (23), and
Amoroso and Parkas (24)O

The general conclusion of the mortality data by graphical analysis as
well as by computation of gompertsian rates was that differences could be
noted between the groups from irradiated male parents but not from irradiated
female parents.

Our findings with the progeny of irradiated male mice are similar to
those obtained by Russell (17) who reported a reduced life span in the progeny
of male mice mited 19 to 23 days after neutron irradiation,, He suggested that
the progeny in his study were derived from cells that were in a sensvitive stage
of gametogenesis at the time of irradiation. The rame conclusions may be drawn
from our study of the progeny conceived at 120 and 180 days after irradiation
of the male parent. However, this cannot be said of the peogeny from the iLr
radiated male parent conceivnd within tan days following exposure. The pro-
genies of this mating were born on an averaga of 22*3 days after irradiation
of the male parent, and clearly indicates that these offspring were largely
derived from irradiated spermatozoa° This suggests that spenratozoa were
also sensitive to radiation as were the cells under conasideration in Russelluv
study, and in the male gametes involved in late matings in our study.

The reduced life span echibited by the progeny from the 120- and 180-
day matings of the dba female X C-57 irradiated male as compared with those of
the 10-day matings, was contrary to expectation since Fertwig (8) observed
diminished genetic effects in progeny conceived in the post-sterility period,
Russell (17) also suggested that such effects in late littors might be
diminished. Our results suggested that opermatogonia might carry the life
span reducing injury for several cell generations. Ln fact, the reduced life
span of the progeny might well be a permanent genetic burden for male ganetes0

The absence of shortening of life span in the progeny of irradiated
females was also unexpected. Russell et al. (25) showed that mutations at
specific loci were increased, regardles o-o"bhe sex of the irradiated parent;
they concluded that for induced mutations at specific loci, acute irradiation
of docytes was at least as effective as acute irradiation of spermatogonia.
Our data did Pot support this view, but -rthar tended to agree with the con-
clusion made by Carter (26) that female germinal cells are less sensitive to
radiation than those of the male. However, such a comparison with our results
is pertinent only to the extent that one can reasonably assume that the re-
duction in longevity as observed in hybrid mice from an irradiated parent is
related to the same mutational processes studied by Rursel et al. (25) and
Carter (26).

Our study yielded no clues as to why a reduction of life expectancy
was observed in the progeny from irradiated male, but not from irradiated
females..



179

This experiment was designed In an attempt to study the longevity
of offspring from .an irradiated and a non-irradiated parent. Mice of strains
dbs and C-57 Black were mated and cross-mated 56 days before and 10, 120, and
180 days after 200 r whole-body x-irradiation was delivered either to the
male or female parent.

There was a reduction in the nuwber of successful pregnancies and in
the litter mize of the 120-day and 180-day matings with the irradiated male
parent. This-reduction in pregnancies did not hold for the irradiated female
parent in the 10-day matingi they were sterile in subsequent mating.. The
percentage of animals born and living until weaned and the distribution of
sexes at weaning time did not follow a oonristent patterns

Irradiation of the male parent reduced the life span of its progeny
without regrd to their sex whether conceived immediately after irradiation
or 120 or 180 oiays later. It is likely that sperTiatozoa were irradiated in
the first nmating and spermatogonia in the second and third.

Irradiation of the female parent did not reduce the life span of its
progeny, regardless of sex. Females given 200 r whole-body x-irradiation
were sterile at 120 and 180 days after exposure,
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